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ABSTRACT 
After gathering sufficient microstructural evidence that a practical high-
temperature lead-free solder could be produced through liquid-phase diffusion bonding 
(LPDB) of gas-atomized Cu-Ni powder blended with SN100C (Sn-0.7Cu-
0.05Ni+0.01Ge, wt.%) commercial solder powder, additional research was completed to 
enable design of a prototype composite solder paste. By reviewing several experimental 
alternatives to LPDB for use as replacements and improvements to the currently-used 
high-Pb solders (which will inevitably be banned by the EU’s RoHS directive), the 
choice to pursue the prototype solder paste research was verified. One key difference 
between this research and that of others is the method of pre-alloying Cu with Ni before 
atomization of the metal powder particles. These Ni additions prevent a detrimental unit 
cell volume change from occurring in typical Sn-Cu solder alloys by suppressing the 
hexagonal-to-monoclinic isothermal phase transformation upon cooling during reflow to 
below 186°C. Rapid diffusion of the Ni and Cu was explored in order to better design the 
composite paste’s suggested reflow profile. Research to study and maximize the grain 
boundary diffusion of Ni and its effect on the resulting intermetallic compounds helped 
determine the final composition of the composite paste for use in industry. Support from 
the Iowa State Research Foundation and Nihon-Superior, Inc. Ltd., through Ames Lab 
(DE-AC02-07CH11358) is gratefully acknowledged.  
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CHAPTER 1.    INTRODUCTION TO HIGH TEMPERATURE LEAD-FREE 
ELECTRICAL INTERCONNECTS 
More than 20 years ago, the international movement to eliminate the use of hazardous 
substances from common household products ignited a fire in European legislation to 
regulate the materials used in electronic devices [1-4]. Lead (Pb), a heavy metal that can 
build-up in the body by strongly binding itself to our bodies’ proteins, was one material of 
major concern [5]. These proteins are needed for normal functioning of the body. Damage to 
them by Pb can cause hypertension, anemia, disorders of the body’s reproductive and 
nervous systems, and much worse [5]. The Environmental Protection Agency (EPA) has 
even listed this periodic element as a leader in a list of chemicals endangering human life and 
our environment [5]. Therefore, it is no wonder that society was interested in its elimination 
from occupational exposure [5]. Around this time, two regulations were quickly put forth by 
the European Union (EU): (1) the Waste Electrical and Electronic Equipment (WEEE) 
directive and (2) the Restriction of Hazardous Substances (RoHS). Together, these directives 
require all consumer products sold throughout Europe to be free of Pb [1-3,6,7]. Due to 
Europe’s large influence on the global marketplace, many countries around the world began 
forming their own legislative regulations on Pb as well, in order to ensure their compliance 
with the EU.  
With the implementation of these regulations, many industries argued that, in some 
cases, removing Pb would be impossible or impractical [8,9]. The elimination of Pb from use 
in circuit board assembly and electrical interconnections was one area companies were 
especially concerned about. The historical use of Pb-Sn solders provided surface mount 
technology (SMT) companies with a cheap and variable alloy that provided excellent 
thermal, electrical, and mechanical properties to the electrical components in their products. 
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Many exemptions and removal extensions were made for circumstances such as these. As Dr. 
Iver E. Anderson’s discovery of an innovative Pb-free solder at the ternary eutectic 
composition of Sn-Ag-Cu surfaced, many of these exemptions began to expire. However, 
one certain exemption for an issue that could not be resolved still remained: the use of high-
Pb solders for use only when temperatures were too high for normal Pb-free solders to 
function reliably.  
Years later, the EU still seeks complete elimination of Pb from electronic devices and 
interconnects. With their desire for this high-temperature exemption to eventually expire, the 
EU constantly checks research for any practical solution. A few months ago, an extensive 
study was conducted to provide support for the EU’s current assessment of RoHS renewal 
requests [8,9]. According to most of the companies that were interviewed, getting rid of lead-
containing high melting point (or LHMPS) solders with at least 85% lead content was still 
“scientifically and technically impracticable”. An extension of three years was recommended 
by the consultants. A partnership between Bosch, Infineon, Freescale, STM, and NXP 
(known as the Die Attach 5 or DA5) support these claims, stating that “no lead-free materials 
currently on the market meet the required functionality and reliability of high-lead solders” 
[8].  
The Need for High-Temperature Reliability 
As the world casted aside old mechanical technology and began discovering 
exponentially increasing uses for electrical sensors and circuit boards, increasing operating 
temperatures became a common issue. Not only are electronic devices becoming smaller 
with higher energy outputs and loadings, but they are being used in harsher environments 
than in the past. Sensors used in high-power semiconductor applications such as deep 
downhole oil drilling, automotive and aerospace electronics, propulsion systems, motor 
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control, turbine engines, solar concentrator cells, radar and telecommunications equipment, 
and applications requiring large radiation damage resistance are known to experience 
temperatures of 300°C or higher [5,10,11]. Even high-Pb solder alloys have issues at 
temperatures this high [4].  
A minimum required operating temperature now-a-days could be considered as high 
as 150°C. Chidambaram et al. states that for the oil and gas industry, the interconnect 
materials should remain reliable for a minimum continuous operating time of 500 hours at 
300°C [11]. These electronic assemblies also need to survive and function must faster under 
extreme switching speeds, junction temperatures, power densities, high electrical currents, 
and breakdown voltages, all while remaining highly sensitive to commands [5,10].The 
materials used for these assemblies, especially their electrical interconnects, should be able to 
withstand any strain that comes from thermal expansion-induced stresses caused by 
differences in coefficients of thermal expansion (CTE) in printed circuit board (PCB) 
materials [4,5,10,12]. Other desired material properties for these applications include 
resistance to corrosion, appropriate ductility for good thermo-mechanical fatigue resistance 
and creep properties, high thermal and electrical conductivity, appropriate reliability under 
thermal shock, reasonable material costs, long-term chemical and mechanical stabilities at 
high temperatures, good control of the material’s dispensing method to suit the current 
conventional die attach methods and equipment, good ﬂowability, dissipate large amounts of 
heat, ability for direct application, and the use of low temperature processing techniques 
without the need for pressure applications [5,10].  
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Figure 1: Adaption from ASM Handbook’s Binary Phase Diagram of the Pb-Sn system [13] 
 
Due to its list of favorable properties, Pb-Sn has historically been used for high 
temperature applications. These desirable properties include a low cost, stable microstructure 
over aging at elevated temperatures, lack of brittle intermetallic compound (IMC) formation, 
an ideal melting temperature for many typical applications, good wettability due to low 
surface tension, excellent mechanical properties such as high ductility and fatigue resistance, 
resistance to corrosion in harsh environments, and an acceptable thermal and electrical 
conductivity for most applications [4,5,10,14,15]. A typical composition for high temperature 
use is Pb-5Sn or Pb-10Sn, wt.%. The Pb-Sn phase diagram (Fig. 1) shows the temperatures 
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surrounding the use of a high-Pb solder alloy. Pb-5Sn has a solidus of 300°C and a liquidus 
of 322°C. To maintain structural and mechanical integrity of the solder joint, these alloys 
should barely be used up to 250°C. Table 1 shows a table adapted from Suganuma et al. 
explaining the requirements that high temperature electrical interconnects need for certain 
applications. 
 
Table 1: Applications of Current High-Temperature Solders and Their Requirements [16] 
  
 
Therefore, not only is lead a toxic substance that should be removed from devices, but 
its operating capabilities have begun to lack sufficiency for many new high temperature 
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applications [4,11,14,15]. A new method for high temperature electrical interconnects is 
quickly becoming more and more important for keeping up with new and advanced 
technologies. 
The chart in Figure 2 [8] was referenced by Freescale in the same consultation report 
mentioned earlier, showing what the DA5 thought could someday be the solution. The 
alternative alloys and systems in the blue box of Figure 2 provide the best possibilities in 
Freescale’s opinion, especially since these options can withstand temperatures over 250°C 
and are free of lead. Other properties that put these candidates on the chart for consideration 
include small volume expansion, workability, good electrical/thermal conductivity, and good 
mechanical properties, especially fatigue resistance [16]. These viable high-Pb solder 
alternatives for high-temperature use include the Zn-Al system, a Sn-high Sb alloy, the Au-
Sn system, some Bi systems, and a “Sn system + high melting temperature type metal”. In 
addition, Freescale also sees conductive adhesives as a future possibility for a LHMPS 
alternative [8]. The following sections will review these and other competing high-
temperature interconnect (HTI) methods and their potential for practical application in the 
electronics industry.  
Zn System LHMPS Alternatives 
One could argue that the simpler a phase diagram, the better the control and ease of 
use in solder research. Generally, eutectic alloys are preferred due to their narrow 
solidification range that aids in process control by reducing movement of PCB components 
during reflow [11,14,15]. With its single eutectic and lack of IMC phase formation (Fig. 3), it 
is clear why Zn-Sn is attractive for study in this field. Despite its fairly low eutectic at 
196.5°C, researchers have used this alloy for higher temperature soldering by choosing 
compositions at these higher temperatures that have the required solid-to-liquid ratio to 
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Figure 2: Chart provided by Freescale to the consultants of the EU’s extension of the high-
Pb solder exemption [8] 
 
maintain the joint’s integrity. According to Suganuma et al., this specific volume ratio is 
about 7:3, and this ratio can be found when the Sn content is less than 30 wt.% of the alloy 
[16]. In Suganuma’s study, Zn-30Sn was able to form a stable electrical joint with good 
ductility at room temperature, excellent conductivity, acceptable levels of voiding, and an 
ultimate tensile strength around 65 MPa at room temperature. Zn-based alloys also have a 
low material cost and are easy to manufacture. Issues of concern for the Zn-Sn system 
include its tendency to corrode from oxidation in high humidity, its poor wetting behavior, 
and its requirement of a ceramic barrier layer on each substrate to eliminate IMC formation 
with the substrate [5,9,12,14,15,16,17].  
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Figure 3: Adaption from ASM Handbook’s Binary Phase Diagram of the Zn-Sn system [18] 
 
One of the lesser studied systems under consideration is Zn-Al, where the 
composition of the Al is usually in the range of 4 to 6 wt.%. This binary phase diagram is 
shown in Figure 4. Often, small amounts of trace additions can include Ga, Ge, Mg, or Cu 
[5,8,9,15,16]. Using this system, an electrical interconnection would have a liquidus 
temperature from anywhere between 300 to 380°C. These high liquidus/solidus lines are the 
main advantage seen with this system, along with the fact that at these low Al additions, 
intermetallic compounds will not form during reflow. However, the trace additions of other 
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elements increase the likelihood of IMC formation. Many IMCs tend be very brittle, so their 
formation would be a disadvantage. A high liquidus temperature means the solder could be 
reliable up to relatively higher temperatures, but it also means that the circuit board being 
printed has to reach these temperatures as well, in order to form dependable electrical 
connections. In addition to this setback, this Zn-Al system is known to form brittle dendrites 
throughout its microstructure that can jeopardize the joint’s mechanical integrity. Similar to 
the Zn-Sn system, this system is also known to be prone to corrosion and thus premature 
failure [5,8,9,11,12,14-16].  
 
 
Figure 4: Adaption from ASM Handbook’s Binary Phase Diagram of the Al-Zn system [19] 
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The Au-Sn Solder Alloy LHMPS Alternative 
Perhaps the currently most-successful and the most widely-used high-lead alternative, 
the Au-20Sn eutectic has begun implementation into high-priority materials and devices, 
especially in military and aerospace applications. Obviously, its employment of 80 wt.% gold 
is an issue of cost for the average company, but the Au-Sn system does have its benefits 
[10,17]. 
 
 
Figure 5: Adaption from ASM Handbook’s Binary Phase Diagram of the Au-Sn system [20] 
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The melting temperature of Au-20Sn is 278°C, meaning its processing temperature 
(usually ~40°C higher than melting) is around 310°C. The eutectic microstructure consists of 
two solid IMCs, Au5Sn and AuSn, with melting temperatures of 519°C and 419°C, 
respectively [21]. Despite its vast formation of IMCs, Au-20Sn still exhibits superior thermal 
fatigue resistance and mechanical properties (yield strength = 275 MPa) [10,15-17]. 
Obviously, in this system, the electrical joint cannot be operated very near the original point 
of melting, so its high-temperature abilities are limited by the eutectic. Zhu et al. determined 
that with a Ni-coated substrate, bonding at 300°C for 60 seconds followed by aging at 240°C 
for 100 hours can produce a microstructure in which the Au5Sn IMC completely consumes 
the AuSn to form an interconnect that then has the melting temperature of the higher 
temperature phase [21].  
Despite its extreme cost, the Au-Sn system poses excellent thermal fatigue and creep 
resistance, excellent oxidation resistance, a potential for fluxless bonding, good dimensional 
stability, and excellent conductivity [10,14,15,17,21].  However, massive IMC formations 
can lead to delamination at the interface between the Si die and the solder and thus brittle 
fracture when the parts are subjected to high temperature applications. Voiding of these 
IMCs can also be an issue [5,12,15]. 
The Bi System LHMPS Alternative 
Bismuth-based alloys are known to have the worst thermal conductivity the 
alternatives [14-16]. Bi-Ag alloys also have poor workability, relatively poor wetting 
behavior, and can be very brittle [5,14,17]. However, this system is studied as a LHMPS 
alternative because of its equivalent hardness to high-Pb alloys, affordable cost, acceptable 
melting point at 263°C, comparable tensile strength to that of high-Pb solders, and the fact 
that is it the least toxic of all the choices [5,14,15,17]. Bi-2.5Ag and Bi-11Ag are common 
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alloys of the Bi system and their locations are marked on the Bi-Ag binary phase diagram in 
Figure 6 [5]. The wettability on Cu and the joint ductility both increases with increasing Ag 
content, so Bi-11Ag tends to be easier to work with [5].  
 
 
Figure 6: Adaption from ASM Handbook’s Binary Phase Diagram of the Ag-Bi system [22] 
 
Overall, the Bi system appears sub-par in comparison to other LHMPS alternatives. 
Its poor thermal and electrical conductivity cannot withstand the high-temperature demands 
of high-heat dissipation [14-16]. In addition, the high risk of lead contamination in surface 
mount technology supplies the possibility of joint failure even at low operating temperatures, 
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resulting from the formation of a very low melting IMC of Bi with Pb [4]. Figure 7 shows the 
IMC formations possible with lead contamination. 
 
 
Figure 7: Adaption from ASM Handbook’s Binary Phase Diagram of the Bi-Pb system [23] 
 
The Sn-High Sb Solder Alloy LHMPS Alternative 
Researchers have also looked within the Sn-Sb system for a high-Pb alternative. 
When antimony occupies less than 5 wt.% of the alloy, this solder alloy can avoid the growth 
of IMCs to obtain excellent mechanical properties. However, Sn-5Sb will reach a complete 
liquidus form at only 240°C (Figure 8), which is quite low for use as a high-temperature 
solder [8,9,14,16]. On the other end of the spectrum, when Sb occupies more than 43 wt.%, 
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this temperature is almost 100°C higher, meaning it could be used with high temperatures 
with little IMC formation. This alloy can out-perform Bi-systems in microstructural stability 
and exhibit good creep and mechanical properties. Just as with the Zn-Al system though, this 
high temperature will be required to form its electrical interconnections, risking damage to 
other components of the circuit board [16].  
 
 
Figure 8: Adaption from ASM Handbook’s Binary Phase Diagram of the Sn-Sb system [24] 
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Another important disadvantage of this solder system is its use of antimony which, 
like lead, can also be considered toxic and harmful to human health and the environment. 
Thus, keeping Sb out of electrical devices is usually desired [8,9,12,14]. 
The Conductive Adhesive LHMPS Alternative 
Electrically-conductive adhesives or ECAs are one non-solder alternative to high-Pb. 
By using thin ﬂakes or particles of metal suspended in epoxy or polymer binder adhesives, a 
strong and conductive bond can be formed between a die and a substrate [5,10,15]. The 
typical size of the metal fillers is between 1 and 10 µm [5]. Ag is the most common metal 
used in these joints [5]. ECAs are known for their ability to lower stress concentrations on 
many different types of die-substrate combinations, their excellent anti-migration abilities, 
their ease of use in automated systems, and their excellent resistance to thermal and 
mechanical shocks [5,15,25,26]. Strength of adhesion and binder flexibility strongly effect 
ECA reliability and failure mode [26]. Major disadvantages of ECAs include lower electrical 
and thermal properties due to insufficient connection paths between conductive particles and 
the low operational and curing temperature requirements of polymers [5,10,15,25]. Ag-filled 
adhesives tend to have maximum operating temperatures of 200-350°C, which can be further 
decreased when used with high humidity or mechanical stress [5,15,25,26]. In addition, the 
average thermal conductivity of ECAs is even lower than that of the Bi system alloy 
alternatives [10,15]. 
The Ag Nano-sintering LHMPS Alternative 
Another method under research, which is not included in Figure 2, is Ag nano-
sintering. Silver, which has the best electrical conductivity and the second best thermal 
conductivity in the world, has excellent high-temperature stability, excellent mechanical 
properties, and a melting point of 961°C [5]. Research on the use of silver nano-particles (30-
16 
50 nm) as a non-solder alternative has become popular in die attach. The smaller the size of 
the Ag particles the larger their surface energy, allowing for a low-pressure of pressure-less 
sintering temperature comparable to that of typical solders [4,5,27]. To bind the nanoparticles 
prior to sintering, they are blended into an organic paste mixture which can be vaporized at 
the chosen sintering temperature for the Ag nanoparticles [5,27]. Sintering profiles for Ag 
nano-sintering (Figure 9) typically consist of temperatures and times around 300°C and 40 
minutes, respectively. The final sintered interconnections have shown electrical and thermal 
conductivities of about 2.6 µ·cm and 2.4 W/cm·K, respectively, and exhibited good thermal 
cycling, high strength, fatigue resistance, and oxidation resistance [4,5,15]. The major 
disadvantage of this type of bonding is its high material cost [5]. 
 
  
Figure 9: A typical sintering profile for Ag nanoparticles [5] 
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The “Sn System + High Melting Temperature Type Metal” LHMPS Alternative 
Finally, the last option suggested by Freescale as viable for research into a high-Pb 
alternative is a “Sn system + high melting temperature type metal”. What they describe in the 
consultation report is the basis for a process commonly known as transient liquid phase 
sintering or TLPS [8-10,28-31]. The same system has also been called transient liquid phase 
soldering (TLPS) [32], transient liquid phase bonding (TLPB) [15,28,33,34], transient liquid 
phase processing (TLPP) [35,36], liquid phase enhanced sintering (LPES) [37], liquid phase 
sintering (LPS) [37-39], or solid liquid interdiffusion (SLID) [21,28], among several other 
terms.  However, each term essentially depicts the same phenomenon. In the research 
conducted for this document, the term liquid phase diffusion bonding or LPDB will be used 
for reasons explained later. 
The LPDB system involves the use of a low-melting temperature phase (LTP) and a 
high-melting temperature phase (HTP) combined to form a bonding IMC upon contact above 
the LTP liquidus temperature until no liquid remains. The resulting IMC is typically formed 
by isothermal solidification due to the interdiffusion of the LTP and HTP elements causing a 
new intermetallic phase (with a higher melting temperature than the LTP, desirably) to form. 
The temperatures required for many of these systems are consistent with Pb-free solder 
reflow, putting forth the possibility of creating a “drop-in” lead-free solder replacement with 
minimal change in the commercial process [4,10]. 
The type of system described above has high potential for becoming a practical 
LHMPS alternative due to its wide range of possible alloy manipulations, ranging from the 
use of low cost materials to the use of high-performance alloys. However, just like any of the 
other alternatives, electrical companies such as Freescale and the DA5 have a number of 
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issues with this system they want resolved in order to accept it as a practical replacement [8-
10,15]. The concerns put forth by the DA5 include the following:  
(1) the formation of brittle IMCs upon reflow,  
(2) the possibility of a lower thermal and/or electrical conductivity than of high-Pb,  
(3) compatibility with a pure copper substrate,  
(4) the stability of the phases formed, especially at high temperatures,  
(5) the ability to create very small interconnects, and  
(6) voiding formation in the electrical joint.  
Throughout this document and the authored/co-authored papers within it, an attempt 
will be put forth to lessen the concerns of the electronics industry by introducing our research 
into a composite solder paste formed through the process of LPDB. 
Ni-Induced Suppression of the η to η’ Phase Transformation in Cu-Sn 
A fascinating discovery of very quick Cu-Ni diffusion is observed while 
experimenting with LPDB and the composite paste constituents chosen in this research. As 
further described in the journal article of Chapter #, Cu and Sn are commonly used in solder, 
but the typical IMC formed from Cu and Sn lacks high temperature stability. As a point of 
reference, Nihon Superior’s SN100C alloy used in our experiments was the result of a study 
to assess the effect that Ni has on the Sn-Cu near-eutectic alloy composition Sn-0.7Cu [40-
42]. Previous research by Nihon Superior and others (see references 43-45) had shown that 
Ni could effectively improve the fluidity and oxidation resistance of the Sn-0.7Cu alloy. The 
study, verified by additional literature, resulted in the basis for much of the information 
provided next about the Sn-Cu-Ni system [40-42,46].  
As can be seen in the Cu-Sn phase diagram (Figure 10), when heated to above 186°C, 
alloys such as Sn-0.7Cu undergo an allotropic phase transformation upon cooling. Above 
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186°C, the alloy contains the hexagonal intermetallic η-phase Cu6Sn5. The low-temperature 
form (η’-phase) has a monoclinic crystal structure [40-42,47]. The hexagonal η-phase is 
unstable at room temperature, so it prefers the monoclinic structure in these settings. This 
transformation from hexagonal to monoclinic at a temperature below the material’s melting 
point creates a build-up of stress, caused by the crystal structure’s theoretical solid volume 
change from 8.270 g/cm3 in the monoclinic phase to 8.448 g/cm3 in the hexagonal phase 
[40-42,47]. Table 2 shows the small difference in mechanical properties that this phase 
transformation creates. Polishing the microstructures releases this stress to show cracking 
throughout the IMC phase (see Chapter 2). 
 
  
Figure 10: Adaption from ASM Handbook’s Binary Phase Diagram of the Cu-Sn system [48] 
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Table 2: Mechanical Properties of the Low and High Temperature Cu6Sn5 Phase [47] 
 
 
The small addition of Ni to the Cu-Sn system makes a big change in crystal structure 
behavior during solidification. Even at levels of Ni-additions that at one time may have been 
considered an impurity, Ni has been shown to suppress the η to η’ phase transition from 
occurring and leaving the high temperature phase stable at room temperature [40-42]. Since 
the resulting properties of a solder joint rely heavily on the properties of its IMCs (which 
usually create the bulk of the microstructure), adding Ni has become an important method of 
creating stable solders that can be used at high temperatures (>186°C) [4,40-42].  
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Abstract 
Liquid-phase diffusion bonding is being studied as the primary phenomena occurring 
in the development of a high-temperature, lead-free composite solder paste composed of gas-
atomized Cu-10Ni, wt.% (Cu-11Ni, at.%) powder mixed with Sn-0.7Cu-0.05Ni-0.01Ge, 
wt.% (Sn-1.3Cu-0.1Ni-0.02Ge, at.%) Nihon-Superior SN100C solder powder. Powder 
compacts were used as a model system. Above the matrix liquidus temperature, liquid-phase 
diffusion bonding promotes enhanced interdiffusion of the low-melting alloy matrix with the 
solid Cu-10Ni reinforcement powder. The initial study involved determining the effective 
intermetallic compound compositions and microstructures that occur at varying reflow 
temperatures and times between 250–300 °C and 30–60 s, respectively. Certain reflow 
temperatures encourage adequate interdiffusion to form a continuous, highly conductive 
network throughout the composite solder joints. The diffusion of nickel, in particular, has a 
dispersion pattern that suggests the possibility of a highly conductive, low-melting solder that 
can be successfully utilized at high temperatures. 
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Introduction 
Within the widespread research to improve the high-temperature tolerance of lead-
free solder, the addition of nickel into Sn-Cu alloys has become a topic of considerable 
interest. A dual-phase low-melting lead-free solder model powder compact, consisting of Cu-
10Ni (wt.%) powder, atomized by Ames Laboratory, blended with Sn-0.7Cu-0.05Ni+Ge, 
Nihon-Superior SN100C (wt.%) solder powder, has been developed to study the effects of 
varying reflow time and temperature on the resulting solder microstructure. The aim was to 
create a composite solder that could benefit from nickel additions through the phenomena of 
liquid-phase diffusion bonding (LPDB), a process that takes advantage of the relatively low 
liquidus temperature of the SN100C powder combined with the relatively high liquidus 
temperature of the Cu-Ni powder to rapidly form important intermetallic compounds 
[1,2,3,4,13]. In addition, the prospect of spherical diffusion voids provided the possibility of low-
stress concentration pores forming within the solder, creating a higher integrity joint.  
 
 
Figure 1: A typical solder reflow thermal cycle profile [20] 
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The creation of high-temperature lead-free solders is becoming increasingly crucial 
for use in power electronics in the automotive, aerospace, military, and energy production 
industries [2,5]. The currently used typical high-temperature solders are Pb-5Sn (wt.%) or Pb-
10Sn (wt.%). These solders melt just around 300°C. A typical solder reflow cycle [Fig.1] 
will have a peak reflow temperature 20°C to 40°C above the melting point of the solder; 
therefore, the current typical high temperature solder has a reflow temperature around 330°C 
[8,13]. The operating temperatures of these solders are usually less than 250°C, but it is critical 
that the solder be able to survive hierarchical solder reflow until it reaches the final stages of 
processing [2]. Our priority was to create a lead-free version of these solder alloys that used 
equal or lower processing temperatures, but could still withstand high operating 
temperatures. The key to this was to find a suitable system with a lower melting temperature, 
so that the reflow temperature could also be lower. 
With today’s increased power pumping through electronics, there comes higher 
operating temperatures that can cause brittleness in solder joints upon thermal cycling [8,10,11]. 
In the past, this cracking did not occur because the microstructures formed by lead and tin 
did not consist of any brittle intermetallic compounds, but now lead is becoming banned due 
to RoHS [2,18,19]. After a series of tests [Fig.2], nickel was selected from a group of elements 
to be incorporated into our Cu-Sn solder research for improved high temperature 
performance of lead-free solder. Nickel has been shown to decrease the brittleness of the η-
phase (Cu6Sn5) IMC formed by copper and tin 
[10,11]. 
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Figure 2: Microstructures of SN100C on four types of substrate, aged at 10 and 100 minutes, 
where horizontal lines in the intermediate gray regions indicate cracking (scale bar = 20μm) 
 
Fig. 2 shows the microstructures seen during testing for an element for addition to the 
Cu-Sn solder. The intermediate gray phase/region in each case is the IMC that forms during 
soldering. Cracking occurs in the intermetallic compound (IMC) with every element except 
for nickel. The (Cu,Ni)6Sn5 IMC in the image second to the left is much more finely 
dispersed than the other IMCs and has no cracking. With 100 minutes of aging, the 
(Cu,Ni)6Sn5 phase becomes constant over the entire solder joint. Research by Nogita et al. 
and Kao et al. has shown the composition of this phase to vary between 1 and 12 at% Ni, 
while still being effective at reducing the brittleness of the IMC. The stoichiometry has then 
been determined to be Cu5.5Ni0.5Sn5 
[10,12,16]. 
The copper-tin phase diagram shows the important difference that nickel makes to our 
system. On the Cu-Sn phase diagram, Cu6Sn5 is seen existing in two phases. Cu6Sn5 (η) is the 
high temperature phase and Cu6Sn5’ (η’) is the low temperature phase. The low temperature 
phase is monoclinic, and the high temperature phase is hexagonal [10,11,12]. The fact that these 
IMC phases are forming shows there is adequate bonding between the solder powders, but 
28 
the integrity of the resulting solder joints will be determined based on which of these phase 
forms [6,11,14,19].  
In this particular case, when a Cu-Sn solder cools to 186°C, Nogita et al. describes 
how the IMC allotropically transforms from the hexagonal phase to the monoclinic phase. By 
adding nickel, the high temperature phase becomes stabilized, stopping this transformation 
upon cooling. At room temperature, the phase remains metastable [10,11,21]. The reason the 
suppression of this phase transformation is desired is because the phase change that occurs 
with no nickel is believed to be the source of the cracking that occurs in Cu6Sn5. This is due 
to a volume change of about 2.15% that causes stress in the intermetallic layers of the solder. 
The Cu6Sn5 layers then begin to crack in order to relieve that stress 
[10,11]. 
The Cu-Ni-Sn ternary system is one of the most popular systems being studied for 
high temperature solder use [8,10,11,12]. The Cu-Ni-Sn system chosen for this research was a 
powder composite of gas-atomized Cu-10Ni powder particles blended with powder particles 
of Nihon Superior’s SN100C. Within this model, nickel’s diverse diffusion patterns give 
evidence for the possibility of a highly-conductive, yet low-melting solder paste, which could 
be successfully utilized at high temperatures. 
Within this composite solder of high-melting Cu-Ni and low melting SN100C, a 
process some have called “transient liquid phase sintering” (TLPS) occurs, where the 
SN100C matrix alloy diffuses into the surface of the solid Cu-Ni reinforcement powder 
above the matrix liquidus temperature [1,2,3,4]. The resulting alloy that comprises the majority 
of the matrix is Cu5.5Ni0.5Sn5, which has a higher melting temperature than the original 
matrix of SN100C [15]. 
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The term liquid-phase diffusion bonding or LPDB replaces the old term “transient 
liquid phase sintering”. The term LPDB was coined to prevent the presumption of sintering 
occurring during reflow. This new term more accurately describes the phenomenon that is 
occurring since the major form of bonding is diffusion rather than sintering. LPDB [Fig.3] 
promotes enhanced interdiffusion of the low-melting alloy matrix with the solid Cu-10Ni 
reinforcement powder above the matrix liquidus temperature. Certain reflow temperatures 
encourage adequate solid state diffusion to form a continuous highly-conductive network 
throughout the composite solder joints. With the new term, we still focus on the liquid-phase 
change of the matrix, but give interdiffusion the credit it deserves. 
Indicated in Fig. 3 is a possible location that Kirkendall or diffusion-related voids 
could form in our system; however, due to the spherical nature of these particles, any 
diffusion-related voids should cause minimal stress concentration. 
 
 
Figure 3: The process of liquid-phase diffusion bonding of Cu-10Ni powders and SN100C 
powders: 1. Two types of powder are blended (yellow=low-melting tin alloy, blue=high-
melting Cu-10Ni), 2. Diffusion of Sn alloy into Cu-10Ni particles at points of contact during 
initial heating, 3. Capillary liquid spreading of tin alloy upon melting, 4. Completion of 
isothermal solidification upon cooling, 5. Possible location of Kirkendall void upon next 
thermal cycle [4, 15].  
 
The innovative aspect of this solder paste system is that with each reflow cycle, more 
and more of the SN100C alloy transforms into the IMC, raising the final melting temperature 
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of the system post-processing from 227°C to about 400°C and giving the solder the ability to 
withstand higher Joule heating [3,8]. 
 
 
Figure 4: This image shows how the tin alloy diffuses into the surface of the reinforcement 
powder (the darkest regions of the microstructure), creating our (Cu,Ni)6Sn5. The circle is a 
location susceptible to a Kirkendall void when the residual tin is completely diffused into the 
intermetallic. 
 
Composite Model Preparation 
Model composite solder joints were produced with a variety of blends of gas-
atomized Cu-10Ni (wt%) powder and Sn-0.7Cu-0.05Ni+Ge, Nihon-Superior SN100C (wt%) 
solder powder, according to the combinations listed in Table 1 and Fig. 5. The Cu-10Ni 
powders were of the size range 25 - 32 𝜇𝑚 (a range labelled Type 4.1) and the SN100C 
powders were of the size range 5-15 𝜇𝑚 (Type 6). The powder size of our Cu-Ni was chosen 
to be larger than the SN100C, so as to maximize surface area for wetting and minimize IMC 
formation [7]. The powders were dehydrated to reduce clumping for 1 hour at 100°C and 
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blended with a multiple axis blender for approximately 20 minutes. The blended powders 
were then compressed, using a cold isostatic press (CIP), into 5 mm diameter rods to a 
density of 73.1%. The resulting compacted powder rods were cut into approximately two 
millimeter discs, and leveled with 320 grit paper for use as solder compacts. The chosen 
density allowed the CIPed powder compacts to soak up flux in order to imitate a solder paste.  
 
Table 1: Powder blend compositions of Cu-10Ni and SN100C 
 
 
 
Figure 5: Volume percent and relative size comparison of blended powders tested 
 
The flux-soaked powder compacts were then tested using the setup in Fig. 6. The 
compacts were placed between boron-nitride coated stainless steel plates to optimize the 
heating of the solder. The setup was located in a furnace and tested with peak reflow 
temperatures of 250°C, 275°C, and 300°C, along with peak reflow times of 30 and 60 
seconds. 
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Figure 6: 1. Schematic setup of composite solder compact, 2. Schematic view of the setup 
within the box furnace, 3. Schematic view of the box furnace closed for experimentation 
 
Fig. 7 contains the recorded reflow cycles of the experiment, which match well with 
reflow cycles from literature [11,20]. The solder paste models were cooled at about 1.5°C per 
second by placing them on a copper block at room temperature to cool. 
 
 
Figure 7: Time versus temperature plots representing average thermal cycles of each reflow 
temperature 
 
At random, of the six reflow combinations, four were repeated three times and two 
were repeated twice. At least 16 micrographs of the same magnification were taken and 
analyzed for each tested sample. After analysis, the best ratio of powders was determined to 
be 70 volume percent Cu-10Ni with 30 volume percent SN100C. This combination resulted 
in the best continuous Cu-Ni conductive network while not sacrificing the SN100C matrix 
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needed to wet the particles together to form our important IMC. Therefore, the following 
results are for this particular model containing 70 volume percent Cu-10Ni. 
Results 
Fig. 8 contains the resulting micrographs for each combination of reflow time and 
temperature tested. From these images, the microstructures look very similar. Therefore, the 
same micrographs are shown in Fig. 9 at a higher magnification. The darkest colored regions 
are the Cu-Ni, the intermediate gray phase is the IMC, and the lightest phase is the residual 
SN100C matrix. Again, it is hard to differentiate the microstructures just by looking at them. 
What we are able to see is the lack of cracking in the IMC or any significant Kirkendall 
voids. 
 
Figure 8: Micrographs for each combination of reflow time and temperature with a scale bar 
of 50 𝜇𝑚 
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Figure 9: Micrographs for each combination of reflow time and temperature with a scale bar 
of 5 𝜇𝑚 
 
The image analysis of 16 micrographs per sample gave us the averages shown in Fig. 
10 for the area percent of the phases present in the average microstructure. With shorter 
reflow cycles, there was a slightly larger content of residual tin alloy left in the 
microstructures. This phase melts upon reheating to above 227°C, but should then continue 
its diffusion into the IMC with each re-cycle. As shown in the pie charts, the amount of 
residual tin can be decreased with longer reflow cycles, if desired. However, in addition, 
longer cycling decreases the amount of reinforcement powder (the best conductive path 
through the joint). Therefore, in order to maximize the content of our highest conducting 
phase Cu-10Ni, the shorter reflow times are recommended for this composite solder paste. 
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Fig. 10: The average percent area of each phase measured for each reflow combination 
 
Fig. 11 shows the results of EDS for each reflow combination. These results stayed 
fairly consistent between tests. The slight copper and nickel in the matrix of each graph was 
expected because our matrix originally consisted of SN100C, which contains 0.7at% Cu and 
0.05at% Ni. The content of Ni in the (Cu,Ni)6Sn5 IMC varies between 3.4 and 5.6 at%, which 
matches well with literature [10,11]. The composition of the reinforcement stayed relatively at 
10at% nickel, as expected, because the reflow temperature that this model paste reached was 
only a quarter of the melting temperature of Cu-10Ni.  
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Fig. 11: The average composition determined by EDS of each reflow combination 
 
Discussion 
One observation of our resulting microstructures led us to study the grain boundaries 
of the Cu-10Ni interfaces, which in many micrographs appeared to have diffused together 
despite a melting temperature much lower than that of copper or nickel. One sample was 
etched to reveal that the grain boundaries still existed between each Cu-Ni particle, but there 
was not always a layer of the IMC between the particles either. Deformation from the powder 
compression may be the cause of this observation. Fig. 12 shows a micrograph of the same 
region of a 60 volume percent Cu-10Ni with 30 volume percent SN100C sample, reflowed at 
250°C for 10 seconds, with and without an etched surface from 25mL distilled water, 25mL 
ammonium hydroxide, 25%, and 10mL aqueous hydrogen peroxide, 3%. The matching 
circles in each figure correspond to the same areas with and without the etch effects. As can 
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be seen in the image on the right, the grain boundaries have not coalesced. Any indication of 
coalescence was a result of polishing.  
 
 
Fig. 12: Left – unetched, right – etched. The matching circles correspond to the same areas 
of the micrograph. 
 
Advantages, in addition to a lower reflow temperature, a shorter reflow time, a higher 
resulting melting temperature, and it being a lead-free/environmentally-friendly high 
temperature solder, are that the thermal expansion of the solder and most ceramic substrates 
are more equally matched and the strength of the solder joint is theoretically increases. 
Estimates of the thermal expansion mismatch show a mismatch of 20-25 ppm/°C between 
Pb-5Sn and alumina and a mismatch of only 5-10 ppm/°C between Cu-10Ni and alumina 
[9,17,19]. Estimates of shear modulus for Pb-5Sn and Cu-10Ni show values on the order of 5 
GPa and 50 GPa [17], respectively [15]. However, these values are only theoretical and still 
need to be experimentally tested.  
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Conclusions  
In conclusion, it has been verified that the dual-phase low melting solder paste model 
(SN100C/Cu-10Ni) transforms to a composite solder joint for high temperature use. We have 
proposed to make a lead-free solder paste that contains 70 volume percent Cu-10Ni powder 
blended with 30 volume percent SN100C powder. The resulting IMC compositions of this 
solder paste system have an approximate 5 at% content of Ni and showed no cracking, as 
expected, due to the added nickel [10]. There were no significant trends in area fraction or 
composition of the phases based on time or temperature. Due to this, we can say we have the 
potential for a suitable lead-free alternative high temperature solder with improved 
processing parameters.  
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Abstract 
Initial research that produced model joints from a Cu-Ni/Sn-alloy powder composite 
to develop a “drop-in” replacement for the currently-used Pb-based high-temperature solder 
(Pb-5Sn, wt.%) provided enough evidence to support compounding of a paste prototype by 
our industrial partner. The prototype paste uses experimental gas-atomized Cu-10Ni, wt.%, 
powder that was blended with commercial SN100C (Sn0.7Cu-0.05Ni+0.01Ge, wt.%) solder 
powder and compounded with a typical flux and solvent to form the paste. Joint porosity was 
investigated as a function of powder blend ratio. Test temperatures exceeding pure Sn 
melting were enabled by liquid-phase diffusion bonding (LPDB) of the composite solder 
components, creating a Ni-modified Cu6Sn5 matrix phase (Tm ~525˚C) that bonded the 
high-strength, highly-conductive filler of Cu-10Ni powder particles. Results of composite 
solder joint tests began to explore highly-elevated maximum service temperatures of greater 
than 450˚C. 
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Introduction 
As the date for the decision to extend RoHS exemption 7(a) for the use of high-Pb in 
high melting temperature solders draws nearer (currently planned for consideration in late 
2016/early 2017 [1]), the electronics assembly industry is exploring diligently for a practical 
“drop-in” replacement for high-lead solders that can become available commercially. In 
addition, as the power electronics industry veers away from integrated solder joint cooling 
systems within electronics packages in order to reduce costs, improve reliability, and 
simplify designs, demands for high temperature interconnect technologies (HTITs), 
especially high temperature lead-free (HTLF) solders, are rising substantially [2].  
Solders in high-technology integrated circuitry are being used in harsher 
environments than in the past. Some of these applications include oil well drilling, advanced 
aircraft, and new electric-powered vehicles [2]. Clearly, the electronic assembly industry 
needs to be in search of RoHS-compliant solders that can withstand higher temperatures than 
previously needed. To be considered in the regime of “high temperature” in terms of solder, 
the electrical connections are usually operated up to (and oftentimes much higher) than 
250°C [3]. To match this demand, industries have been researching and commercializing 
solders that can be used reliably in these harsh environments. In a recent paper, the authors 
stated that a successful high-temperature solder should form connections at temperatures less 
than or equal to the commercial high-Pb solders it is replacing (< 300°C) and perform 
reliably during thermal cycling, which can reach 400°C for some applications [3]. To put it 
simpler, the goal of HTIT and HTLF is to minimize the processing temperature, while at the 
same time maximizing the operating temperature capabilities of desired integrated circuitry. 
There are a few options for HTLF solders that are already commercially available. 
Examples of some of these products include: Senju’s SAC305/Cu (RAM) powder paste 
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blend [4], Indium Corp’s BiAgX® alloy [5], Ormet’s Sn-Cu/Bi blend [6], and AIM’s M8 solder 
paste [7]. Three of the solders listed above employ the use of bismuth, which is used mostly 
for the purpose of strengthening. However, an issue with using bismuth in solder can be the 
troublesome ternary intermetallic compounds which can form upon soldering to several 
different substrates, including Ag, Cu, or Ni [3]. Ternary intermetallic compounds (IMCs) of 
these substrates with Sn-Bi are limited by the melting temperature of Bi (271°C) and can 
cause a drastic drop in the solder’s operating capabilities3. In addition, Bi has been known to 
cause formation of voiding at phase boundary interfaces, which would be detrimental to the 
solder joint’s strength [8]. 
One of the first useful HTLF solders was a composition of 80 wt.% Au and 20 wt.% 
Sn (Au-20Sn), e.g., Indium Corp’s Gold/20Sn [5]. With its liquidus temperature at 280°C [9], 
this alloy satisfied the need for a relatively low processing temperature and was sufficient in 
its ability to operate above 250°C. In addition, this solder was praised for its excellent creep 
behavior, resistance to corrosion, and potential for flux-less soldering [9]. The single aspect 
eliminating Au-20Sn from becoming widely commercialized was its hefty price tag, 
presenting a cost nearing 10,000 times that of the currently-used high-lead solders [10]. 
Therefore, despite its excellent properties, Au-20Sn has usually been reserved for critical 
applications, in which production cost is not of concern.  
Recently, liquid phase diffusion bonding (LPDB) has gained popularity in HTLF 
solder research. This phenomenon takes advantage of the use of two or more types of metal 
powders blended into a composite solder paste [11]. At least one of the types of powders is 
low-melting (Tm < 300°C) and at least one is high-melting (Tm >> 300°C). The melting 
temperature of the paste is dependent on the lowest melting phase present. During solder 
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reflow, as the temperature surpasses the liquidus of the low-melting powder, the now-molten 
material spreads over the surface of the remaining solid filler powders. Diffusion of the 
atoms from solid to liquid causes isothermal solidification of an IMC until no liquid remains 
untouched by the high-melting atoms of the solid filler phase. In most cases (the Bi-
containing systems omitted), the paste joint operating temperature is now dictated by the 
melting temperature of this newly-formed IMC [11]. Similar in concept are the processes of 
transient liquid phase bonding (TLPB), transient liquid phase sintering (TLPS), and solid-
liquid interdiffusion (SLID). One possible difference between LPDB and the other solder 
processes is the direction of diffusion. During LPDB, the atoms of the solid are shown to 
move into the liquid. With the others, it is generally thought that the reverse diffusion 
direction occurs. It has been shown that the direction of this diffusion can have an effect on 
void formation (e.g. Kirkendall voids) in the final solder joint [11]. 
Ames Lab’s Composite Paste Design 
Since the move toward environmentally-friendly solders, the Sn-Cu phase diagram 
has been in the spotlight. This alloy system is suitable for low-temperature applications. 
However, the intermetallic compound Cu6Sn5 (the phase produced when Sn and Cu diffuse 
together in the approximate content range of 40-60 mass % Cu) undergoes a volume change 
from the hexagonal to the monoclinic crystal structure upon cooling to below 186°C [12]. The 
cracks (see Fig. 1) exposed by polishing the microstructure thereafter, indicate large amounts 
of stress buildup in the IMC phase, likely indicating the brittleness of the monoclinic Cu6Sn5 
[12]. This brittleness is detrimental to Sn-Cu’s high-temperature thermal cycling capabilities. 
Preliminary research by Ames Lab, in agreement with literature [12,13], confirmed that the 
introduction of Ni into Cu6Sn5 could prevent this detrimental phase change from occurring. 
In addition, nickel was able to create a unique dispersion of the IMC phase (Fig. 1, right) 
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across the solder joint, replacing the characteristic scallop-formation of Cu6Sn5 at the Sn-Cu 
interfaces [11] (Fig. 1, left). 
 
 
Figure 1: Comparison of the IMC with and without Ni (X in the diagram). (Microstructures 
taken from Ref. 11) 
 
The Ames Lab’s recent research with LPDB involves the low/high-melting material 
combination of a commercial Sn alloy and Ames Lab’s own gas-atomized Cu-10Ni, wt.% 
[11]. Models of this paste by Ames Lab have foreshadowed the possibility for a practical 
“drop-in” replacement for high-lead solder for high-temperature use. The use of a “drop-in” 
replacement implies there are no significant processing differences from those already 
typically used for high-lead solders in industry. Research has also predicted that this 
composite paste’s joint properties would compete well with other varieties of HTIT joints [11]. 
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Fig. 2 depicts the original concept of the Ames Lab paste before reflow (not to scale). 
The original model contained two different sizes of powder. The Cu-10Ni powder was of 
Type 4 (25-32 µm), and the SN100C powder was of Type 6 (5-15 µm) [11]. Each color in Fig. 
2 represents a different element. The gold in the diagram represents Cu (in the Cu substrates 
and as part of the Cu-Ni powders), the black represents Ni (as part of the Cu-Ni powders), 
and the gray represents Sn. The more general Ames Lab design uses a combination of two 
powders: Cu-10Ni and either commercial SN100C (Sn-0.7Cu-0.05Ni+0.01Ge, wt.%) or just 
pure Sn [11]. After heating, the Cu-Ni powders create a highly-conductive filler phase 
throughout the joint. The Cu-Ni powders also create a source for Cu and Ni that are absorbed 
by the molten Sn or Sn-alloy and transformed into the ductile bonding IMC (Cu,Ni)6Sn5. This 
ductile IMC (assuming the availability of sufficient Ni) is also what bonds the composite 
joint to each copper substrate [11].  
 
 
Figure 2: Composite solder paste concept joining two Cu substrates.  
 
This figure (Fig. 2) shows the use of pure Sn powder, which has proven to be 
interchangeable with the Sn solder alloy SN100C. A micrograph showing joint formation 
with the test model system is shown in Fig. 3 [11]. 
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Model Testing 
Preliminary model tests, published in Ref. 11, were performed with an air atmosphere 
furnace by reflowing each blended, cold isostatically-pressed powder compact (that was flux-
soaked) at various times and temperatures. A typical LPDB joint microstructure can be 
observed in Fig. 3. The full procedure for this model solder reflow can be found in Ref. 11. 
The preferred model blend of the powders contained 70 vol.% Cu-10Ni with 30 vol.% of the 
Sn alloy. Fig. 3 shows evidence of the LPDB between the Sn alloy and the solid Cu-Ni 
powders to form the IMC (Cu,Ni)6Sn5. Notice the lack of cracking in the IMC due to the 
addition of nickel and how well the powders wet together to form a solid microstructure [11], 
in agreement with recent diffusion couple experiments of Baheti et al. with Cu-Ni solid 
solutions up to 7.5 at.% Ni[13].  
 
 
Figure 3: Model test microstructure of the 70 vol.% Cu-10Ni + 30 vol.% Sn alloy powder 
blend post-reflow at 250°C for 60 sec. The Sn alloy is white, the solid Cu-Ni powders are 
dark gray, and the light gray phase is the IMC (Cu,Ni)6Sn5. (Figure taken from Ref. 11) 
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Quantitative metallography of the models in Ref. 11 revealed shorter processing times 
and lower reflow temperatures retained more residual tin and a higher percentage of Cu-Ni 
conductive filler [11]. Energy dispersive spectroscopy (EDS) showed that no matter the time 
or temperature applied during reflow, the chemistry of each phase present in the 
microstructures remains consistent: the residual Sn is nearly pure Sn, the Cu-Ni filler 
powders remain Cu-10Ni, wt.%, and the IMC has a composition of about (Cu5.5Ni0.5)Sn5 
,wt.%
 [11].  In addition, when these same model experiments (70 vol.% Cu-10Ni, pre-reflow) 
were conducted with pure Sn instead of the Sn alloy, the results were very similar, indicating 
this paste could most likely be created with either the pure Sn or the Sn-alloy powder. This is 
expected since the Sn alloy has only small amounts of Cu and Ni. 
In this document, the results will be reported on the solder joint formation behavior of 
a “real” composite solder paste that was designed after the preferred model composition and 
formulated by Nihon Superior with the flux/vehicle combination of a commercial paste, 
SN100C [11]. These results will be discussed regarding the potential use of this new solder 
paste in HTLF operations, especially with respect to the important issue of porosity. The 
potential will also be explored for this composite paste as a literal “drop-in” replacement for 
high-lead solders that is capable of operating in temperatures to above 450°C.  
Experimental Procedure 
Nihon-Superior recently created a prototype of the Ames Lab paste using the results 
of the composite model research discussed above from Ref. 11. To test the paste’s 
functionality, experimentation with reflow cycles on a hot plate were conducted (Fig. 4). 
Both single-sided and double-sided joints were formed for analysis of substrate and powder 
wetting. In the case of the single-sided joints, the same setup was used as in Fig. 4 except that 
a second copper block was not placed on top of the paste. 
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Figure 4: Experimental set-up of the paste joint on a hot plate. 
 
First, a double-sided joint was made from the original model-based blend of 70 vol.% 
Cu-10Ni and 30 vol.% Sn alloy. This was given a reflow profile of 10 seconds at the peak 
temperature of 250°C. Next, a double-sided joint was made from a blend of 24 vol.% Cu-
10Ni:76 vol.% SN100C with a reflow of 60 seconds at the peak temperature of 255°C. When 
the second run resulted in less porosity, three pastes were blended to contain 13 vol.% Cu-
10Ni, 26 vol.% Cu-10Ni, and 36 vol.% Cu-10Ni (the remaining being the SN100C). The 
three pastes were each run with a reflow profile of 15, 30, and 60 seconds at the peak reflow 
temperature of 255°C to make single-sided solder joints.  
Results 
To begin, the reflow profile used most successfully on the composite model joints 
was tested with the original model blend of 70 vol.% Cu-10Ni and 30 vol.% Sn alloy. With 
this specific blend, a large amount of residual flux residue remained trapped in the solder 
joint, instead of mimicking the behavior of the composite model joint (see Fig. 3). The EDS 
image (elemental mapping) in Fig. 5 (left) shows large amounts residual carbon (green in the 
color map), which was presumed to be flux residue, that prevented the molten Sn alloy 
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powders from coalescing after melting and, thus, prevented successful joint formation. From 
this, it was determined that there wasn’t a viable path for the flux to escape. Other 
micrographs of the same joint (not shown) indicated that porosity (spherical, gas-type 
bubbles) was also significant in this joint, probably also caused by thermal decomposition of 
the same residual flux residue left in the reflowed joint.  
 
 
Figure 5: (Left) EDS image of initial solder paste after re-flow. (Right) Schematic illustrating 
that the change in volume ratio of the two types of powders could create more pathways for 
the flux to escape, presumably allowing a more fully coalesced microstructure. 
 
Our analysis of the cause of this trapped flux residue concluded that the amount of Sn 
powder compared to Cu-10Ni powders should have an effect on the amount of porosity 
present after reflow. This could be most easily changed to a lowered paste viscosity by 
increasing the Sn alloy content since it would be liquid above 227°C, allowing for easier 
pathways for the flux residue to escape. This lower viscosity was intended to prevent gas-
bubble-related voiding (Fig. 5 (right)). The joint microstructure that was formed by one 
combination with high Sn alloy vol.% in a modified paste (24 vol.% Cu-10Ni:76 vol.% 
51 
SN100C) is seen in Fig. 6, revealing a good example of the intended composite joint 
microstructure. 
 
 
Figure 6: Double-sided LPDB joint microstructure of Ames Lab’s composite paste research, 
with the phases matching that of the models, as expected. The ratio of powders in this blend 
was 24 vol.% Cu-10Ni:76 vol.% SN100C, before reflow. 
 
The following results are those of this same experimental procedure (except single-
sided) using three blend ratios of the two types of powders: 36 vol.% Cu-10Ni:64 vol.% 
SN100C, 26 vol.% Cu-10Ni:74 vol.% SN100C, and 13 vol.% Cu-10Ni:87 vol.% SN100C. 
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These correspond to 41 wt.% Cu-10Ni:59 wt.% SN100C, 30 wt.% Cu-10Ni:70 wt.% 
SN100C, and 16 wt.% Cu-10Ni:84wt.% SN100C, respectively.   
These single-sided joint test results, completed very recently, gave more information 
for study in order to minimize the nickel and to maximize the filler powder for increased 
conductivity. From analysis of the collection of SEM (montage) micrographs in Fig. 7, it is 
clear that increasing the amount of Sn powders in the ratio helps to decrease overall porosity 
in the reflowed paste, similar to Fig. 6.  
 
 
Figure 7: Joint cross-section porosity comparison of single-sided solder paste joints, post-
reflow, revealing the effect of reduced porosity with increased Sn powder in the composite 
blend ratio. 
 
It is also suspected that the diffusion rate increases along with the increase in Sn 
powders that become the molten phase during joint formation. All of the SEM images in Fig. 
8 experienced 15 seconds of reflow, but contained differing amounts of Sn. The chart in Fig. 
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8 shows the average area percent of each phase within the microstructure for all times 
measured with each vol.% of Cu-10Ni. By measuring the fraction that each phase filled the 
microstructure (neglecting the void areas), this trend of increased rate of diffusion with more 
Sn powders is observable. 
 
Figure 8: Diffusion rate comparison of single-sided solder paste joints, post-reflow, with 
effect of increased Sn powder in blend ratio. 
 
The IMC that isothermally solidifies in the midst of reflow is commonly known as 
(Cu,Ni)6Sn5. Fig. 9 shows one of the several matching results of a differential scanning 
calorimetry (DSC) run conducted on the models of the Ames composite paste. In the figure, 
the baseline run is shown in blue and the results of the run are shown in purple. By 
subtracting the run results from the baseline, a snap shot is given of the normalized melting 
profile of the model paste (shown in red). The model paste tested had previously been given 
a reflow treatment of 30 seconds at 250°C, so that the majority of the Sn or Sn-alloy powder 
had been melted and isothermally transformed into the IMC. As seen in Fig. 9 by the peak in 
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the heat flow, the IMC has a melting temperature slightly above 525°C. The slight rise in the 
heat flow before the peak can be attributed to the remaining Sn (Tm = 227°C) transforming 
into IMC. 
 
Figure 9: DSC of Ames Lab’s composite paste, post-reflow. 
 
Another finding was also as expected as the Sn content was increased: more diffusion 
of the Cu and Ni occurred, and thus more IMC formed, with longer holds at the peak reflow 
temperature. Figure 10 compares the microstructures of the 36 vol.% Cu-10Ni paste with 
different lengths of time spent at the peak reflow. The exact reflow profiles can be seen to the 
right of the images in Figure 10. The change in the amount of diffusion (related to the 
formation of the IMC rim around each Cu-10Ni particle) is slight with these small additional 
increments of time, but an increase can be observed in the graphs of Figure 11, particularly 
for the samples with 36 vol.% and 13 vol.% of Cu-10Ni. 
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Figure 10: Diffusion distance comparison of 36 vol.% Cu-10Ni single-sided solder paste 
joints, post-reflow, with effect of time at peak reflow. Reflow profiles shown on the right. 
 
 
Figure 11: Diffusion extent comparison of single-sided solder paste joints, post-reflow, with 
effect of time at peak reflow. Vol.% is the pre-reflow volume fraction of Cu-10Ni powders.  
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Discussion 
Voiding in solder joints can seriously decrease the quality of the joint by lowering the 
joint strength, conductivity, and fatigue life. From this set of experiments, one methodology 
for decreasing the porosity of joints formed with the Ames composite paste was studied.  
It was found that the Ames composite solder’s joint porosity can be decreased by 
increasing the amount of tin powder in the paste blend ratio. Compared to a quality 
commercial solder joint containing no porosity, the least amount of porosity occurred when 
the paste blend contained 13 vol.% Cu-10Ni. In addition, it was found that the extent of 
copper and nickel diffusion can be increased by extending the length of time the solder 
experiences the peak reflow temperature. This would be expected, since the atoms would 
have more time to diffuse.  
The decrease in Cu-10Ni content also gave evidence of faster diffusion of the copper 
and nickel into the tin. By measuring the fraction that each phase filled the microstructures, 
the trend of increased rate of diffusion with more Sn powders was observable (Fig. 8). The 
increase in Sn in the solder creates a large variation in the composition gradient throughout 
the joint. This composition gradient causes the diffusion of the Cu and Ni atoms to accelerate 
in order to increase the entropy of the joint at a similar rate as with the joints with less Sn 
powders. The possibility of this increased rate of diffusion allows for the possibility of 
decreasing the amount of Cu-10Ni powders, while at the same time not having to increase the 
time or temperature of reflow in order to maximize diffusion. In other words, faster diffusion 
would allow for a decreased requirement for time and/or temperature for reflow. This, in 
turn, would lower energy usage. 
One important note found from these tests was that increasing the time of the peak 
reflow does not reduce porosity. With longer reflow times, the paste only allows for more 
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diffusion of the IMC, which largely increases the viscosity of the paste as it solidifies. In 
order for the flux to escape, the paste needs a lower viscosity upon initial reflow. This 
lowered viscosity allows the flux to remain on the powders just until the tin melts and wets 
the solid powders. As soon as the wetting occurs, the residue is free to escape through the 
liquid tin. Therefore, increasing the amount of liquid phase upon reflow is one of the few 
options for reducing joint porosity.  
The composition of each phase in the prototype paste stayed consistent with the 
models, no matter what ratio of Sn to Cu-10Ni was used, implying that the powder ratio does 
not affect the composition of the resulting phases at short times. In most cases, there tended 
to be a very thin layer of the Cu6Sn5 without Ni present right at the interface of the substrate 
after reflow. It is believed that after optimizing the reflow heating profile in order to 
maximize diffusion, the Ni will eventually find these locations and create the Ni-modified 
IMC, which would eliminate the brittle allotropic phase change upon cooling. Another type 
of deleterious IMC phase that could form at this location would be the brittle Cu3Sn. 
However, the addition of nickel has been shown to prevent the formation of this phase [13]. 
The Venn-diagram in Fig. 12 compares the similar work of researcher Patrick 
McCluskey to these studies. McCluskey proposed powder paste composites of either Sn-
3.5Ag/Ni or Sn-3.5Ag/Cu/Ni [14]. Ames Lab research uses a composite pre-alloyed powder of 
Cu-10Ni that was blended with either a Sn alloy or pure Sn powder. Again, the colored 
circles in the diagram (Fig. 12) are representative of each powder used in the respective 
pastes (see description of Fig. 2). The multicolor powders represent alloys, while the solid-
colored powders are a pure metal. This depiction highlights the fact that the Ames paste uses 
an alloy form of Cu and Ni, while the McCluskey design uses the pure powder form of each 
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metal. Both sources of research use nickel to reduce the brittleness of the IMC and small 
metal powders to reduce diffusion distance during reflow, allowing shorter processing times. 
However, adding too much nickel can cause unwanted IMCs to form [14], such as Ni3Sn4, 
which can cause voiding and a reduction in joint conductivity. In general, Ni also reduces the 
conductivity of copper. By introducing the Ni as a Cu (solid solution) alloy, it is possible to 
minimize the amount of nickel present in the joint and selectively place the nickel in the 
desired locations – which is any location where the Cu6Sn5 intermetallic may form. 
 
 
Figure 12: Venn-diagram of the similarities and differences between the high-temperature 
solder paste design of two research groups [11,14]. 
 
Upon considering additional possibilities for the cause of difference in porosity seen 
in the model and in the prototype, powder size was discussed. The original 70 vol.% model 
contained two different sizes of powder. The Cu-10Ni powder was of Type 4 (25-32 µm), 
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and the SN100C powder was of Type 6 (5-15 µm) [11]. When switching from model to 
prototype, it was recommended that the size of the SN100C powders be changed to Type 4, 
the powder size typically used in industry. Therefore, the prototype contained a blend of 
powders of the same size. Originally, it was assumed this would not be an issue, however it is 
now being explored as a possible cause of the increase of porosity in the prototype paste.  
Currently, research is being conducted on the optimal amount of nickel in the original 
Cu-Ni filler alloy powder in the joint in order to minimize the nickel content in the overall 
joint to increase conductivity. Research will also be continued on finding the appropriate 
powder blend ratio and heating profile for the best application of this solder paste. 
Conclusion 
Model tests of the Cu-Ni/Sn alloy lead-free composite paste research have provided 
enough evidence for research to begin on a paste prototype. The prototype composite paste 
could pass RoHS regulations and is much more cost effective than other high temperature 
solders, particularly Au-20Sn. The composite paste has been demonstrated to have the ability 
to be processed at normal temperatures (250°C) and withstand nearly 500°C in harsh 
environments (almost double the capabilities of other high-temperature pastes). The addition 
of nickel successfully prevented brittleness of the intermetallic layers, while increasing Sn 
content reduced joint porosity. The Ames Lab’s method of pre-alloying copper and nickel 
into a single metallic powder provides the key difference that separates this composite solder 
paste from other research, providing higher ductility, shorter diffusion paths, and the 
possibility for a successful commercial “drop-in” HTLF solder. 
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Abstract 
 Continued research on a prototype paste, consisting of a composite mixture of 
SN100C (Sn-0.7Cu-0.05Ni+0.01Ge) commercial solder powder and Ames Lab’s gas 
atomized Cu-10Ni, wt.%, powder is being completed to improve the reliability and 
survivability of PCB and SMT solder joints operating under extreme temperatures (< 500°C). 
The designed paste is predicted to be nearly 4,000 times less expensive than the currently 
available HTLF (high-temperature lead-free) solder Au-20Sn, wt.%, and able to withstand 
higher temperatures while still maintaining a standard commercial processing temperature of 
250°C. The paste performs using liquid-phase diffusion bonding (LPDB) of the high-melting 
Cu-10Ni powders into the low-melting SN100C to form the room-temperature stable 
intermetallic compound (IMC) (Cu,Ni)6Sn5. The nickel addition to this high-temperature 
phase increases joint ductility by suppressing the transformation of the IMC into the brittle 
low-temperature phase that would otherwise occur. Current research includes exploring the 
effect that powder size has on void formation in the joint. Existing results suggest that this 
composite solder could be a superior “drop-in” replacement for the Pb-based high-
temperature solders that will soon be eliminated by RoHS restrictions. 
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Introduction 
In June of 2016, a study was published by Oeko-Institut e.V. and Fraunhofer-Institut 
IZM, approved by Eunomia Research & Consulting, to provide “technical and scientific 
support” for the EU’s assessment of renewal requests for extended expiry dates for high-
temperature high-Pb solders. An extension of three years has been recommended by the 
consultants for continuation of RoHS Exemption 7(a) due to the fact that “the substitution 
and elimination of lead in LHMPS [lead-containing high melting point solders with at least 
85% of lead content] generally is still scientifically and technically impracticable.” In the 
report (Ref. 1), Freescale et al. discusses their issues with finding a suitable high-temperature 
lead-free (HTLF) alternative for their semiconductors because “lead is the unique element 
which has practical qualities of melting point, electrical conductivity, thermal conductivity, 
mechanical reliability and chemical stability with an ideal balance.” Freescale et al. also say 
they plan to use “careful scrutiny” of any new LHMPS alternatives, “so as to maintain the 
required high quality of components in the process, to avoid failure in the field, so that such 
new technology can be adopted.” Several other companies, including the Die Attach 5 or 
DA5 - a partnership between Bosch, Infineon, Freescale, STM, and NXP – support these 
claims as well. 
The diagram in Figure 1 was provided to the RoHS consultants of Ref. 1 as a way of 
explaining their difficulty in acquiring a LHMPS alternative. Freescale et al. used the figure 
to explain the lack of availability of lead-free solders with a solidus temperature of 250 °C or 
greater. In the figure, the shaded blue box indicates the desired regime for LHMPS 
alternatives.  
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Figure 1: Relationship of several solder types and their melting temperatures [1] 
 
One of the most readily-known applications of electronic systems being subjected to 
increased temperature is involved with downhole oil-drilling. With the average geothermal  
gradient at 25°C per kilometer of depth, the deeper the oil industries drill into the earth, the 
more resistant solder must become to higher temperatures [2]. Many other industries also 
require high temperature electronics, with some seeking solders operable up to 800°C (e.g. 
Freescale [1]). Examples of these industries include the automotive [2], aerospace/avionics [2], 
acoustic [1], and high-strength magnet [1] industries. Movements such as the “more electrical 
aircraft”, or MEA, place control systems closer to engines and actuators of vehicles, exposing 
vulnerable integrated circuitry to high heat, and thus, failure [2]. In addition, these newer 
electrically-powered vehicle systems are powered by very high densities of energy, resulting 
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in extensive Joule heating of their integrated circuitry [2]. Yet another industry affected by 
RoHS Exemption 7(a) is the producers of large speaker systems, which require close 
proximity of solder joints to the high temperatures of their magnetic coils in order to prevent 
vibrational fatigue of each speaker’s fragile wires. These industries and more are patiently 
awaiting the announcement of a practical “drop-in” Pb-free solder replacement. 
Despite a lack of a “drop-in” replacement thus far, there are a few options for the 
purpose of high-temperature circuitry use that are currently available commercially. 
Examples of these products include: Senju’s SAC305/Cu (RAM) powder paste blend [3], 
Indium Corp’s Gold/20Sn and BiAgX alloys [4], Ormet’s Sn-Cu/Bi blend [5], and AIM’s M8 
Solder Paste [6]. Senju Metal Industry Co.’s (SMIC) solder has a processing temperature of ~ 
245°C, an operating temperature of ~ 250°C or higher, and contains Sn, Ag, and Cu [3]. 
Indium Corp’s Au-20Sn has a processing temperature of ~330°C, can be used at ~ 250°C, 
and contains a large amount of Au with Sn [4]. Indium Corp’s BiAgX solder alloy has a 
processing temperature of ~ 325°C, an operating temperature of 262°C, and contains Bi, Ag, 
and an undisclosed material [4]. Ormet Circuits Inc.’s Sn-Cu/Bi alloy has a processing 
temperature of ~170°C, an operating temperature of ~260°C, and contains Sn, Cu, and Bi [5]. 
Notice that many of the solders commercialized so far for this purpose tend to have a 
processing temperature above their post-processing operating capabilities. In addition, there 
has been a trend in these high-temperature solders so far to include bismuth, mostly for 
strengthening purposes. However, bismuth has posed certain limitations on its high-
temperature capabilities with its tendency to void at phase boundaries and its low melting 
temperature (271°C) [7,8].  
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In this document, a patent-pending composite solder paste designed by the 
collaboration of Ames Lab and Nihon Superior will be discussed for its potential use in 
HTLF operations. On the diagram of Figure 1, this prototype composite solder paste falls into 
the category of a “Sn system + high melting temperature type metal”. It has been formulated 
according to the composition of a commercial paste, SN100C, sold by Nihon Superior. With 
its application of liquid-phase diffusion bonding (LPDB), the results of this study will 
explore the potential for a literal “drop-in” replacement for high-lead solders, while also 
increasing the capable operable temperatures to 450°C and beyond. 
Experimental Procedure 
The Ames composite solder paste prototype is formed by blending Ames Lab’s gas-
atomized Cu-10Ni (wt. %) powder and Nihon Superior’s commercial SN100C (Sn-0.7Cu-
0.05Ni+0.01Ge, wt.%) powder. The blend is then compounded with a typical flux and 
solvent to form a solder paste. In this experiment, the size of the SN100C powder particles 
was tested for its effect on solder joint porosity of the composite paste. Table 1 shows the 
different composite paste powder blends tested.  
 
Table 1: Paste Blend Combinations Tested 
 
 
Each blend from Table 1 was spread onto a copper block to form a single-sided solder 
paste joint (Fig. 2). Figure 3 contains the set-up of the solder joint reflow on an electrically-
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powered hot plate. A stainless steel plate was placed between the stainless steel clamp 
holding the copper block and the hot plate surface to act as a heat sink in order to maintain a 
consistent hot plate temperature for reflow. A thermocouple was also clamped to the setup to 
monitor the temperature of the solder during the experimental runs. Figure 4 shows the 
reflow profile for each run with a peak reflow temperature of 250°C held for one minute. 
Each blend was tested twice for consistency. 
 
 
Figure 2: Ames composite solder paste concept, showing the blend of two alloys 
 
 
Figure 3: Experimental setup of copper blocks and paste on a hot plate for single-sided joint 
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Figure 4: Reflow profile applied to each paste blend combination on the hot plate setup 
 
Results 
The following images in Figures 5 and 6 are short segments of the cross-sections of 
the resulting single-sided solder paste joints viewed under a scanning electron microscope 
(SEM) in backscatter mode. In the images, the color red highlights any voids or porosity in 
the joint. The cross-section of Paste Blend B clearly seems to have lower porosity than Paste 
Blend A. Using quantitative metallography of at least 15 SEM images of the resulting joint 
from each reflow run, it was found that the images of Paste Blend A contain an average of 
3.73 area % porosity and the images of Paste Blend B contain an average of 0.87 area % 
porosity. 
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Figure 5: Cross-section of Paste Blend A 
 
 
Figure 6: Cross-section of Paste Blend B 
 
A closer view of the solder interfaces (Figs. 7 and 8) also revealed a much smoother 
substrate bond when using the Type 6 powder than when using the Type 4 powder. In 
addition, the intermetallic compound or IMC (Cu, Ni)6Sn5 (the light gray phase in Figures 7 
and 8) seems much more dispersed in the Sn matrix phase for the Type 6 powder. 
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Figure 7: Interface of Paste Blend A - containing Type 4 SN100C 
 
 
Figure 8: Interface of Paste Blend B - containing Type 6 SN100C 
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When a double-sided solder paste joint was created using Paste Blend B (Fig. 9), the 
interface remained connected and smooth. The porosity with the double-sided joint also 
remained low, averaging porosity in less than 1% of the image area.  
 
 
Figure 9: Cross-section of a double-sided joint using Paste Blend B (Type 6) 
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Figure 10: Diagram depicting the expected time for a LHMPS alternative to become 
commercially available [1] 
 
Energy dispersive spectroscopy (EDS) was performed on the joint in Figure 9 to 
determine the consistency of the phase compositions with previous values from the 
composite paste. The compositions of the filler phase, the residual Sn, and the IMC 
surrounding the filler phase all remained consistent. Previously, the IMC phase lining the 
substrate lacked the desired Ni content to inhibit a brittle and allotropic phase transformation. 
However, with the Type 6 powder paste blend, the Ni was able to diffuse into this area, as 
desired, to create the same desired ductile IMC that surrounds the filler phase in Figure 9. 
The phases, their compositions, and their identities in each micrograph are listed in Table 2.  
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Table 2: Average EDS results of phase compositions 
 
 
Discussion 
With the likely extension of RoHS Exemption 7(a), companies will have a bit of extra 
time to determine a way to remove lead from their high-temperature electronic products [1]. 
Despite most requests for an extension of five years, the RoHS consultants of Ref. 1 have 
recommended a three-year extension due to their opinion that a five-year extension may “not 
be in line with the stipulations of Article 5(1)(a) [1].” In other words, the consultants believe 
that a suitable replacement for LHMPS may be available within the next three years, so 
granting five years would be excessive and would not further the progress of the EU’s RoHS 
directive. 
Freescale/NXP et al. provided the diagram in Figure 10 to help explain their 
reasoning behind a desired five-year extension to Exemption 7(a) [1]. Unlike the consultants, 
they believe it could take over six years before a suitable replacement can be found on the 
market [1]. However, the Ames composite paste design has the potential to greatly reduce this 
time period. With its patent already pending, the Ames composite paste is a step ahead. The 
composite paste is designed for rapid insertion into normal PCB assemblies. Since the 
overarching concept of the paste is to simply modify an existing commercial solder paste 
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(SN100C) with the addition of a small amount of Cu-Ni powder, the process of 
accommodating the switch to this paste would be nearly negligible. In addition, very similar 
processing parameters of those previously used in industry could still be implemented 
successfully.  
The current research seeks to combat known defects, specifically porosity and 
voiding, found in joints formed with similar composite solder pastes [9]. From the results of 
the current experiments, the Ames composite paste blend with the varying sizes of powders 
(Paste Blend B) was found to provide a considerable difference in the amount of joint 
porosity present after reflow. The reduction of porosity with the smaller SN100C powder size 
most likely resulted from a maximized surface area of the Sn alloy, which increased the 
melting and wetting rates of the solder powders together. The smaller powders of the low-
melting metal alloy allowed for better penetration of tight spaces between the larger Cu-10Ni 
powders, similarly effecting the wetting of the substrate. By being able to melt and reach the 
surfaces of the filler powders quicker, the tin alloy could completely engulf the filler powders 
before the gaseous flux could become trapped by the isothermal solidification of the newly-
formed bonding IMC by liquid-phase diffusion bonding (LPDB) [10]. When the flux does 
become trapped, especially with a larger ratio of Cu-Ni:Sn alloy, flux residue is left in the 
joint, forming small spherical gaseous voids[10].  
In addition to the decrease in joint porosity, the smaller powders sizes provided a few 
extra benefits. For example, the spread of the intermetallic compound seems more dispersed 
in the joint made with the smaller powders (Fig. 5 vs. Fig. 6). This quicker spread of the IMC 
should aid in the eventual goal of expanding the IMC across the entire joint interface. When 
the entire joint consists of a network of the nickel-modified IMC with possibly some residual 
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pockets of Cu-Ni, the strength and ductility of the joint should improve. The composite 
solder paste joint will then take on the properties of a (Cu,Ni)6Sn5 matrix (Tm=525°C 
[10]) 
containing pockets of a stronger and more highly conductive Cu-Ni phase. 
The addition of nickel to the copper powders through pre-alloying before gas 
atomization provides the stability needed for the hexagonal form of Cu6Sn5 to maintain its 
crystal structure, rather than transform into the more brittle monoclinic form of the phase 
upon cooling from high temperatures [11]. Therefore, the discovery of the Ni-modified Cu6Sn5 
at the substrate/solder interface was also an added benefit to using smaller powders, as 
previous experiments with the larger SN100C powders resulted in a lack of Ni in this same 
area. This pre-alloying of the filler powders is the key difference between the Ames 
composite solder paste design and that of others, placing nickel at every area where a bond 
will be created via IMC and preventing the formation of un-modified Cu6Sn5 (which will 
cause joint brittleness when cooled) and other undesired IMCs such as Ni3Sn4 (a brittle and 
less conductive phase) [10]. 
Conclusion 
From this experiment, two blends of Cu-10Ni composite pastes with varying Sn-alloy 
powder sizes were tested for their porosity. On average, the paste containing the smaller 
SN100C powder size (Type 6, 5-15 µm) resulted in solder joints with less porosity. The 
smaller powder size also helped create a more complete bond with the joint’s substrate. The 
compositions of the phases were all as desired, including the previously unmodified (with Ni) 
IMC phase lining the Cu substrate. 
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Abstract 
New electronics applications demanding enhanced performance and higher operating 
temperatures have led to continued research in the field of Pb-free solder designs and 
interconnect solutions. In this paper, recent advances in the microstructural design of Pb-free 
solders and interconnect systems were discussed by highlighting two topics: increasing β-Sn 
nucleation in Sn-based solders, and isothermally solidified interconnects using transient 
liquid phases. Issues in β-Sn nucleation in Sn-based solders were summarized in the context 
of Swenson’s 2007 review of the topic. Recent advancements in the areas of alloy 
composition manipulation, nucleating heterogeneities, and rapid solidification were 
discussed, and a proposal based on a multi-faceted solidification approach involving the 
promotion of constitutional undercooling and nucleating heterogeneities was outlined for 
future research. The second half of the paper analyzed two different approaches to liquid 
phase diffusion bonding as a replacement for high-Pb solders, one based on the application of 
the pseudo-binary Cu-Ni-Sn ternary system, and the other on a proposed thermodynamic 
framework for identifying potential ternary alloys for liquid phase diffusion bonding. All of 
the concepts reviewed relied upon the fundamentals of thermodynamics, kinetics, and 
solidification, to which Jack Smith substantially contributed during his scientific career. 
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Introduction 
Through a scientific career spanning more than 50 years (1953-2007), Dr. Jack Smith 
was intrigued by investigations that linked thermochemistry with the constitution and crystal 
structures of metals, compounds, and alloy systems. His analyses of the thermodynamics of 
binary, ternary, and multicomponent systems were coupled with detailed evaluations of the 
elastic constants of a wide range of multicomponent materials, ranging from binary lithium 
alloys to yttria stabilized zirconia [1,2]. Fortunately, Jack Smith was still at the top of his game 
and up for new challenges in the early 1990’s when one of our co-authors (IEA) sought his 
collaboration on the mapping and verification of a previously undiscovered ternary eutectic 
reaction in the Sn-Ag-Cu system. Using a classic thermodynamics approach, Jack’s guidance 
on review of the literature and possible interpretation of the limited data set from previous 
work were invaluable in their investigation of ternary eutectic behavior [3]. Now, as we 
continue addressing challenges in the Pb-free transition, in controlling the microstructure in 
circuit assembly solder joints and in developing high temperature solders to replace high-Pb 
solders for hierarchical assembly in multi-chip module applications, we have sought to 
channel the direction and wisdom of Jack Smith, employing the foundations of 
thermodynamics and phase equilibria to guide our analyses. 
Today’s electronics industry has transitioned to lead-free components in consumer 
electronic devices due to the known risks of lead to human health. The Waste Electrical and 
Electronic Equipment (WEEE) directive, enacted by the European Union (EU) in 2006, 
requires all consumer products being sold within the EU to be Pb-free [4]. This legislation is 
also supported by the Restriction of Hazardous Substances (RoHS) directive, which restricts 
the use of several other hazardous materials, including Pb [5,6]. Since the electronics industry 
supplies a global marketplace, compliance with EU regulations has driven the transition 
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toward a more restricted set of materials in consumer products regardless of where they are 
sold, particularly for solder alloys used in circuit board assembly and packaging [7]. At the 
same time, new devices and applications are demanding higher performance solder alloys for 
assembly than currently exist, leading to continuing research in new Pb-free alloys and 
interconnect solutions that meet these enhanced performance challenges. Furthermore, the 
transition to Pb-free electronics is not yet complete: the RoHS exemptions for high-Pb, high-
temperature alloys used in wafer bumping, substrate bumping, and die attach will likely 
continue until a practical replacement becomes available. There are no drop-in, Pb-free 
solders which have solidus temperatures in the 260°C – 310°C range that can substitute for 
high-Pb solders. Based on an examination of the binary phase diagrams with one low melting 
point element (Tm < 400°C), or a low temperature eutectic, and our experience with 
designing Pb-free alloys to replace the Sn-Pb eutectic, it is unlikely such a solder is possible. 
From the point of view of processing temperatures, the challenges in developing both 
a high performance Pb-free solder alloy for circuit board assembly and a high temperature 
Pb-free solder or alternative interconnect solution for wafer bumping, substrate bumping, and 
die attach can be illustrated by examining the use of the Sn-Pb system. Traditionally, solder 
alloys in both application regimes were composed of binary Sn-Pb alloy combinations. These 
alloys had many useful properties, including forming a simple binary eutectic, excellent 
mechanical properties and thermomechanical fatigue resistance, good electrical conductivity, 
excellent wetting characteristics, and a classic eutectic solidification morphology with two 
primary solid solution phases. The large solid solubility of Sn in Pb (18.9 wt. % at 183°C) 
leads to a range of useful solidus temperatures from 183°C to close to the melting point of Pb 
(327°C), and a tunable “mushy” (liquid + solid) zone width based on alloy composition. 
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Soldering is first performed at the chip or die attach level with high-Pb (Pb-Sn) solders with a 
high solidus temperature and narrow mushy zone. A standard high temperature solder 
composition of Pb-Sn is 95Pb-5Sn (wt. %), with a solidus temperature of 320°C. Once 
solidified, packaged components are soldered onto circuit boards without melting the die 
attach level solder by using the Sn-Pb eutectic composition of 62.13Sn-37.87Pb (wt. %), with 
its eutectic temperature of 183°C [8-10].  
The microelectronics community has developed a range of Pb-free solder alloys for 
various circuit board assembly applications. Tin-based Pb-free alloys, most notably Sn-Ag-
Cu (SAC) near-eutectic alloys, discovered by the team that included Jack Smith [3], have 
become widely used as an alternative for eutectic Sn-Pb due to tin’s affordability, 
environmental passivity, low toxicity, and compatibility with existing microelectronic 
components and assembly practice. The SAC eutectic composition is 95.6Sn-3.5Ag-0.9Cu 
wt. %, with a eutectic temperature of 217°C [11]. A projection of the SAC liquidus surface is 
shown in Fig. 1a. After about 20 years of extensive use, the SAC solder alloys have proven to 
be a reasonable substitute for Sn-Pb, but still have problems in some types of assembly 
operations, e.g., ball grid arrays, and more importantly, in terms of their reliability with 
respect to thermal fatigue and impact resistance. Interestingly, all of these problems can be 
traced to the well-known difficulty in the nucleation of Sn, i.e., in controlling the as-reflowed 
joint microstructure. This lack of microstructure control has motivated significant research on 
the effects of minor alloy additions to SAC or other binary Sn-based alloys on Sn nucleation 
over a number of years [12-20]. In contrast to circuit board assembly solders in which many 
high-Sn alloys are available commercially, Au-based eutectics (Au-Sn, Au-Si, Au-Ge) are 
the dominant Pb-free alloys used for high-temperature soldering applications, but at 
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significantly higher cost than high-Pb, Pb-Sn alloys. Considered together, this explains the 
great R&D race to develop both higher performing Pb-free solder alloys for circuit board 
assembly, as well as new approaches or concepts for widespread high temperature assembly 
and applications. 
 
 
Figure 1: Two differing projections of the liquidus surface of the Sn-Ag-Cu ternary system. 
In (a), the calculated equilibrium liquidus surface is shown from Ref 11, and (b) a non-
equilibrium projection of the liquidus surface is displayed, showing the extended primary 
intermetallic phase formations in the system during eutectic undercooling [21] 
 
The goal of this article is to provide a review of two approaches to designing higher 
performance solder alloys and interconnect systems: (1) strategies to increase β-Sn 
nucleation in Sn-based solder alloys and (2) liquid phase diffusion bonding (LPDB) to create 
high temperature, high reliability, Pb-free interconnects. Both of these topics are highly 
active research areas in today’s Pb-free solder community and both research areas rest 
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foundationally on concepts in thermodynamics and phase equilibria, the kinetics of 
intermetallic formation, and principles of alloy solidification. The first half of this article 
reviews current research in β-Sn nucleation based on the work published since Swenson’s 
seminal 2007 review on the difficulties in nucleating β-Sn in Sn-based solders [21]. The 
second half of this review focuses on the challenges in designing multi-component LPDB 
alloys with controlled microstructures as replacements for high-Pb, high temperature solders.  
β-Sn Nucleation in Tin-Based Solders 
As noted by Swenson in his 2007 review, the solidification of β-Sn occurs by 
heterogeneous nucleation and has been difficult to induce or predict, with undercoolings as 
large as 15-40°C in Sn-based solder alloys, and as large as 187°C in surface passivated Sn 
droplets [21,22]. These large undercoolings can permit extended formation of primary 
intermetallic compounds (IMCs) far from thermodynamic equilibrium. This results in large, 
highly anisotropic solder IMCs, such as Cu6Sn5, Ag3Sn, and both Cu6Sn5 and Ag3Sn during 
solidification of Sn-Cu, Sn-Ag, and SAC alloys, respectively. The eventual nucleation and 
subsequent rapid growth of β-Sn dendrites then follows, resulting in large β-Sn dendrite/grain 
sizes that frequently exhibit common twinning misorientations [23,24].  
It is this non-equilibrium, extended proeutectic formation of phases, such as the 
formation of large, primary Ag3Sn blades in SAC alloys, which has dictated the need for 
improved impact (“drop shock”) resistance in Sn-based solders. Song et al. performed a 
telling study on the vibrational fracture properties of SAC solder alloys in 2007, just after the 
release of Swenson’s review article [25]. The study elucidated the role of Ag3Sn in reducing 
the ductility and vibrational dampening of SAC alloys, both of which are important 
properties for high reliability applications in the aerospace and automotive industries. In 
particular, acicular eutectic Ag3Sn and large, proeutectic Ag3Sn blades were shown to 
82 
dramatically reduce solder ductility and adversely affect the vibrational performance of the 
SAC solder alloys by providing preferred pathways for accelerated crack growth [25]. By 
enhancing the nucleation of the β-Sn phase during solder alloy solidification, proeutectic 
formation of Ag3Sn and metastable Ag3Sn far below the eutectic temperature can be avoided, 
leading to improved mechanical properties. 
In addition to the β-Sn nucleation issues, the β-Sn phase itself is known to exhibit 
large elastic and thermal expansion anisotropies due to its body-centered tetragonal (BCT) 
crystal structure. Thus, the behavior of individual joints, such as the thermal fatigue tolerance 
and resistance to electromigration and creep, are all linked to the size, orientation, and 
morphology of the β-Sn dendrites within Sn-based solder joints [26]. It is due to β-Sn’s 
anisotropic properties that microstructural non-uniformity joint-to-joint and the resulting 
variability in mechanical properties of Sn-based solder microstructures can be a large issue 
[26,27]. The ability to understand, control, and increase heterogeneous nucleation of the β-Sn 
phase is, therefore, needed to create more reproducible solder microstructures with improved 
thermomechanical properties for the high reliability, high performance Pb-free solder alloys 
that are needed in the microelectronics industry today. 
Swenson’s 2007 Review of β-Sn Nucleation 
In 2007, Swenson reviewed the issues linked to the difficulty in the nucleation of the 
β-Sn phase in Sn-based solders [21]. Swenson offered three potential approaches/tactics to 
alleviate the β-Sn nucleation issue based on concepts guided by fundamental 
thermodynamics and kinetics, with the goal of avoiding the large, proeutectic formation of 
solder IMCs and formation of a few large β-Sn grains during solidification. 
The first approach outlined by Swenson was to employ the use of non-equilibrium 
phase diagrams to inform decisions of alloy composition in order to minimize proeutectic 
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IMC formations in the as solidified solder microstructures. Swenson illustrated this strategy 
through the use of non-equilibrium SAC ternary liquidus surface projections, such as the 
diagram show in Fig. 1b. It was suggested that, if the expected average undercooling is 
known, an alloy composition could be chosen to avoid the formation of primary phases. For 
example, if the average undercooling at which one would expect β-Sn nucleation is 
approximately 15°C, then the Ag content in the alloy should be reduced to a point at which 
the Ag3Sn IMC phase liquidus surface is at least 15°C below the equilibrium SAC eutectic 
temperature, thus avoiding primary Ag3Sn formation completely. Effectively, this suggestion 
attacks one of the issues of delayed β-Sn nucleation, primary IMC phase growth, but it fails 
to address the enhancement of β-Sn nucleation itself. 
The second approach was to introduce β-Sn solidification catalysts to enhance the 
nucleation of the β-Sn phase, thus reducing eutectic undercooling. The addition of Zn was 
reviewed, where it is noted that micro-alloying additions of Zn (0.1 wt. % additions to Sn-
3.4Ag-0.9Cu wt. % alloys) reduced the β-Sn eutectic undercooling in SAC+Zn alloys and 
suppressed large Ag3Sn IMC blade formations within the alloy microstructures, suggesting 
enhanced β-Sn nucleation [28,29]. Inoculation of β-Sn, either from microalloying additions or 
from secondary phases, is a promising approach, although an attributable mechanism for the 
success of such micro-alloying additions in the inoculation of the Sn-liquid alloy has been 
notably absent from the literature. 
Finally, Swenson suggested the use of rapid solidification to avoid formation of large 
primary IMC particles. Rapid solidification would be expected to reduce, if not completely 
eliminate, primary IMC phase formation via the reduction of time spent in the liquid state 
during solidification before β-Sn nucleation occurs. Swenson presented results from rapid 
84 
solidification experiments that showed IMC refinement, but β-Sn grain dendrite size and 
misorientation were shown to be unaffected [30,31]. The employment of rapid solidification 
techniques to modify and reduce the formation of IMC phases from liquid melts is a proven 
process, and one that can be leveraged to improve Sn-based solders. It is vital to not only 
establish techniques for enhancing nucleation of β-Sn and controlling β-Sn grain size within 
as-solidified solders, but to also understand how to maintain and control those effects 
throughout the course of the multiple reflow cycles that are often necessary for 
microelectronics manufacturing. In the sections that follow, research progress in exploiting 
each of Swenson’s approaches in enhancing β-Sn nucleation is reviewed, as well as their 
implications for improved solder performance. Finally, suggestions for future progress in 
increasing β-Sn nucleation and controlling β-Sn grain size are outlined. 
Compositional Modifications to Tin-Based Alloys 
In accordance with Swenson’s first approach in employing non-equilibrium phase 
diagrams to inform alloy compositional choices, as well as the poor impact and vibrational 
performance of SAC solders attributed to the presence of primary Ag3Sn, alloy modifications 
primarily based on reductions in, or elimination of, Ag from Sn-based alloys have been 
researched heavily within the solder community. Suh et al. studied the effects of reduced Ag 
content on the fracture resistance of SAC solders, where SAC105 (Sn-1.0Ag-0.5Cu wt. %) 
and SAC405 (Sn-4.0Ag-0.5Cu wt. %) were compared via drop impact testing [32]. The results 
of the study found that the SAC105 alloy displayed superior drop impact resistance due to 
the increased bulk compliance and high plastic energy dissipation of the alloy microstructure. 
This result was linked to the reduced Ag content of the alloy, and thus the reduced formation 
of primary Ag3Sn, as well as the increased phase fraction of β-Sn and the relatively low 
elastic modulus of the β-Sn phase [32].  
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Figure 2: (a) A schematic of the SAC ternary phase space in the Sn-rich corner. The effect of 
reduced Ag content is portrayed via the increased phase fraction of the b-Sn phase, as seen 
by the tie-line representation. (b) The drop impact testing results of the study, where the 
superior performance of the SAC105 (Sn-1.0Ag-0.5Cu wt.%) alloy over the SAC405 (Sn-
4.0Ag-0.5Cu wt.%) alloy can be seen [32] 
 
Suh et al. discussed the effects of Ag content from a thermodynamic standpoint 
through the use of Fig. 2a, where reductions in Ag are shown to alter the Sn-IMC tie-lines, 
thus increasing the phase fraction of β-Sn with decreased Ag content, in agreement with 
Swenson’s description of such techniques. Figure 2b displays the results of the drop impact 
testing of the SAC105 and SAC405 alloys. A greater than 10x enhancement of the number of 
drops to joint failure was realized for SAC105 as compared to SAC405 [32].  
In addition to the reduction of Ag content, the reliability and mechanical performance 
of Sn-based solder alloys that completely eliminate Ag from the alloy design have also been 
examined. Tsukamoto et al. performed a thorough study of Ni-doped and non-Ni-doped Sn-
Cu (SC), SAC, and Sn-Pb solder ball grid array (BGA) joint systems via the use of high-
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speed shear impacting testing [33]. The testing showed that the SC+Ni solder BGAs out-
performed all other alloy compositions in shear impact testing. The SAC solder BGAs were 
found to have the least resistance to shear impact testing, with cracking initiating at the IMC 
interfacial bond layer and brittle failure of the solder joints. The addition of Ni to the SC 
alloy was found to “smooth” the morphology of the interfacial Cu6Sn5 layer between the 
solder BGA and the bonded pad [33]. These results agreed well with research that has been 
conducted in the area of Ni-doped Cu6Sn5 by a number of different research groups 
[34-40]. 
The research has documented the strong cross interaction of Cu and Ni in solder joints. 
Typically, Ni is observed to substitute on the Cu6Sn5 IMC lattice for Cu atoms, thus creating 
(Cu, Ni)6Sn5, which enhances the impact resistance of the solder IMC interfacial layer by 
stabilizing the hexagonal form of Cu6Sn5 (η) down to room temperature, negating its 
transition to the monoclinic structure (η') at 186°C. The de-stabilization of this 
crystallographic transformation by Ni additions avoids the volume change that accompanies 
the transition of unalloyed Cu6Sn5 IMC phase with reductions in temperature, a 
transformation that can lead to cracking in the phase [37-40]. Ni additions were also shown to 
enhance the planarization of solder IMC (Cu3Sn and (Cu, Ni)6Sn5) interfacial layers, and the 
cross-interaction of Cu and Ni has been shown to reduce the thickness of the Cu3Sn IMC 
layer during thermal aging [33,35].  
Inoculation of Tin-Based Alloys 
Micro-alloying additions to SAC and SC solder alloys has been an active research 
area for the past 10-15 years [12-20]. Anderson and co-workers have examined a wide range of 
additions to SAC alloys; Al (0.05 wt. %), Zn (≥ 0.21 wt. %), and Mn (≥ 0.1 wt. %) were each 
found to reduce β-Sn undercoolings to 2-4°C, and to reduce, or eliminate, the formation of 
Ag3Sn proeutectic blades. The early studies were not able to identify the cause of the 
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observed benefits from the micro-alloying additions, but did state that the specific micro-
alloying additions were chosen because of their substitutional solubility in Cu and with the 
goal of enhanced nucleation of primary Cu6Sn5 from which the β-Sn could then nucleate [17]. 
However, if such a nucleation mechanism were to exist between Cu6Sn5 and β-Sn, it is likely 
that researchers would have confirmed it, given the presence of Cu6Sn5 in majority of solder 
alloys and solder joints. 
Based on the micro-alloying research performed on Sn-based solders to date, micro-
alloying additions of Al appear to be promising. Boesenberg et al. reported the suppression of 
the Ag3Sn blade phase at Al contents greater than 0.05 wt. %, but less than 0.20 wt. %, and 
reductions in β-Sn undercooling of ~50% at Al concentrations 0.25 wt. % within SAC+Al 
solder alloys. Finally, Boesenberg et al. described the formation of Cu-Al IMC particles 
within the Al-modified SAC solder samples, which were identified via XRD measurements 
as the Cu33Al17 phase. The Cu33Al17 particles were found to be buoyant within the liquid-Sn, 
floating to the top of the examined solder joints during solder reflow, and the Cu33Al17 IMC 
displayed particularly high hardness values (49.1 ± 2.5 GPa) via nanoindentation 
measurements [18]. Reeve et al. then surveyed the addition of Al to various SAC and SC 
alloys, where the volume fraction of the CuxAly phase was shown to vary dependently with 
the Al concentration in the alloy, as expected, and the solidification temperature of the 
CuxAly phase was identified at 450°C-550°C 
[20]. Xian et al. have identified the preferred 
orientation relationship between Cu6Sn5 and both Cu33Al17 and Cu9Al4. 
(12̅10) 𝐶𝑢6𝑆𝑛5 ∥ (101̅) Cu  and  [0001] 𝐶𝑢6𝑆𝑛5 ∥ [111] 𝐶𝑢𝑥𝐴𝑙𝑦 
The CuxAly particles were shown by Xian et al. to provide nucleating surfaces for the 
Cu6Sn5 particles within SC+Al alloys, reducing the overall undercooling and size of the 
88 
Cu6Sn5 particles in the systems [41,42]. Similar results have been obtained by Reeve et al. over 
a wide range of cooling rates [20,43,44]. This orientation relationship between the CuxAly and 
Cu6Sn5 has important implications to solder microstructural control due to the high 
temperature stability (450°C-550°C) of the CuxAly phase. If the CuxAly phase can be 
uniformly distributed throughout the solder matrix, then during reflow cycling of the solder, 
the CuxAly phase will remain solid in the alloy melt. This high temperature stability of the 
CuxAly phase would then provide preferred and persistent heterogeneous nucleation sites for 
Cu6Sn5 during each solidification cycle and an added level of control over the formation of 
the Cu6Sn5 phase. Figure 3a-f displays various examples of the epitaxial relationship between 
the CuxAly phases and the Cu6Sn5 phase within a range of SAC+Al and SC+Al alloy 
compositions [20,41,43]. Additionally, Sweatman et al. performed a grain refinement survey of 
various micro-alloying additions to pure Sn [19]. The study surveyed several possible grain 
refining additions to pure Sn, and noted that additions of Zn, Mg, and Al all refined the as-
cast grain size of the Sn+X castings. The addition of Al displayed the strongest grain 
refinement both within the as-cast and recrystallized states at additions of 0.3 and 0.5 wt. % 
Al to pure Sn castings. These results indicate a possible link between Al additions, reduced 
β-Sn undercooling observed within the Al-modified alloys, and possible enhanced nucleation 
of the β-Sn phase [19].  
Finally, Belyakov and Gourlay have examined heterogeneous nucleation of β-Sn 
from XSn4 type IMC, including PtSn4, PdSn4, and NiSn4 
[45]. The introduction of XSn4 type 
IMCs, either present as a primary phase or as an interfacial IMC layer, was shown to 
significantly reduce the undercooling of the β- Sn phase within the Sn-X alloys. 
Undercoolings within the alloys were reduced to 3-4 °C, as compared to pure Sn 
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undercoolings measured at ~35 °C within the study. The orientation relationship between the 
β-Sn phase and the XSn4 IMCs was identified as: 
(100) β−Sn ∥ (008) 𝑋𝑆𝑛4  and  [001] β−Sn ∥ [100] 𝑋𝑆𝑛4 
Despite the potent catalysis of β-Sn by the XSn4 IMC, it was noted that the β-Sn grain 
size remained large and unaffected by the presence of the catalytic IMC. Belyakov and 
Gourlay made note of this and remarked on the need for a combination of effective 
heterogeneous nucleation sites for β-Sn, such as XSn4, and constitutional undercooling 
within the liquid-Sn to promote grain refinement of the β-Sn phase [45].  
 
 
Figure 3: Various depictions of the epitaxial relationship between Cu6Sn5 and CuxAly IMC 
within SAC+Al and SC+Al alloys. Micrographs (a, b) were collected by the author from 
work in Ref 20, and (c) is from deep etching experimentation reported in Ref 43. 
Micrographs (d, f) were modified and complied from the work completed in Ref 41. 
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Rapid Solidification of Tin-Based Alloys 
Of the suggestions made by Swenson in his review, less work has been completed in 
the area of rapid solidification of solder alloys. Reeve et al. recently completed a study of 
rapidly solidified SC+Al alloys produced via drip atomization and melt spinning [43,44]. The 
work considered three different SC+Al alloy compositions, with Al contents ranging from 
0.1-0.4 wt. %, and cooling rate treatments spanning eight orders of magnitude. The work 
showed the refinement of the CuxAly and Cu6Sn5 IMC phases down to sub-micron ranges 
through the application of rapid solidification processing (RSP). Ideal initial solidification 
cooling rates within the range of 103 °C/s – 104 °C/s (water quenching to drip atomization) 
were identified for realizing simultaneous IMC particle size refinement and a maintained 
CuxAly/Cu6Sn5 epitaxial relationship during solidification. Figure 4a-b displays the 
refinement of both IMC phases and the maintained nucleant relationship between the CuxAly 
and Cu6Sn5 phases for Sn-1.41Cu-0.1Al wt. % drip atomized alloy microstructures from the 
study [43]. Unfortunately there was no observed effect on the nucleation of β-Sn due to the 
employed rapid solidification methods. 
A coarsening study was also performed by Reeve et al., after initial rapid 
solidification via drip atomization and melt spinning. After reflow cycling between 20°C-
250°C for 1-5 cycles, both alloy samples displayed little-to-no coarsening of the CuxAly 
phase, as compared to the initial as-solidified microstructures. However, the Cu6Sn5 particle 
displayed coarsening behavior dependent on the temperature stability of the Cu6Sn5 in the 
alloy composition. Significant Cu6Sn5 particle coarsening occurred in the alloy composition 
where the Cu6Sn5 melted completely upon reflow to 250°C, but little coarsening of the 
Cu6Sn5 phase was observed for the alloy where only partial melting of the Cu6Sn5 phase 
occurred during reflow cycling to 250°C. The epitaxial relationship between the CuxAly and 
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Cu6Sn5 IMC was qualitatively maintained throughout the course of reflow cycling for both 
samples. These results show promise for the control of IMC formation within these Al-
modified alloys, not only after initial solidification, but also throughout subsequent reflow 
cycling necessary for solder joint manufacturing [44].  
 
Figure 4: (a) 2-dimensional polished cross-section and (b) 3-dimensonal deep etched 
sample, depicting the epitaxial relationship between Cu6Sn5 and CuxAly IMC within a Sn-
1.41Cu-0.1Al wt.% drip atomized alloy (estimated cooling rate: 104 °C/s). (Previously 
unpublished micrographs provided by the author) 
 
Suggestions for Future Improvements in β-Sn Nucleation 
As summarized above, a great deal of work on enhancing the nucleation of β-Sn 
within Sn-based solders has been conducted since Swenson’s 2007 review. Effective 
approaches in solder compositional variations to control IMC formation, identification of 
effective micro-alloying additions and heterogeneous inoculants for β-Sn, and techniques for 
rapid solidification of solder alloys have all contributed to the improvement of Sn-based 
solder joint microstructural control. However, a singular Sn-based alloy composition has yet 
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to be identified that can holistically control: 1. solder IMC formation, 2. β-Sn undercooling, 
and 3. refinement of β-Sn grain size with multiple non-twinned orientations. As mentioned 
by Belyakov and Gourlay in their investigation of β-Sn inoculant IMC phases [45], a multi-
faceted approach must be taken to solder alloy design to achieve both enhanced β-Sn 
nucleation and β-Sn grain size control, including: 
1. alloying to promote constitutional undercooling in the Sn-liquid, and 
2. introducing high temperature inoculant phase/s to provide multiple, dispersed 
heterogeneous nucleation sites with specific activity for β-Sn during solidification.  
The effects of constitutional undercooling on solid/liquid transformations in metallic 
systems have been described in classic works of Tiller, Jackson, Chalmers, and Kurz [46-51]. St 
John et al. recently reviewed the current understanding of the effects of constitutional 
undercooling on nucleation and grain refinement in alloys [52]. The process of constitutional 
undercooling occurs during solidification as solute is rejected from the solidifying phase, 
resulting in a concentration gradient of solute ahead of the solidification front and a 
modification to the local temperature of the adjacent liquid. Thus, every point ahead of the 
solidification front has a unique solute concentration and a corresponding liquidus 
temperature that is below that of the equilibrium liquidus temperature of the system, 
promoting local, compositionally dependent undercooling in the liquid ahead of the 
solidifying phase. Constitutional undercooling thus works to provide enhanced activation of 
nucleation sites directly ahead of the solidification front. The “growth restriction factor” 
(GRF) has been established as the most appropriate parameter for quantifying the effect of 
solute additions on restricting the growth of the solid interface in an undercooled liquid: 
GRF = mLC0 (k -1)    (Eq.1) 
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where mL is the slope of the liquidus, C0 is the alloy composition, and k is the 
partition coefficient. A solute addition that results in a high GRF promotes a higher rate of 
development of constitutional undercooling in the liquid, slowing the advance of the solid 
interface into the undercooled liquid. This allows for more opportunity for nucleation events 
to activate ahead of the solidification front, and thus promotes grain refinement in the alloy 
[52].  
Seminal research by Easton and St John et al. in various systems, notably Al alloys, 
has shown that a high solute GRF correlates not only to enhanced constitutional 
undercooling, but also to reduction in the extent of the “nucleation free zone” (NFZ) that is 
typically established ahead of a growing solid-liquid interface. In particular, the combination 
of constitutional undercooling effects and the introduction of heterogeneous nucleant 
particles has been shown to enhance grain refinement in alloys. For example, the 
combination of inoculant nucleation surfaces (TiB2) and excess solute in the melt (Ti) 
provides constitutional undercooling of the Al liquid, as well as potent Al heterogeneous 
nucleation sites. This two-step solidification approach results in an overall grain refinement 
effect in these Al alloy systems [52-56]. Such an approach has yet to be applied to Pb-free, Sn-
based solder alloys, but given the need for enhanced nucleation of the β-Sn phase and the 
need to decrease the β-Sn grain size in solder joints, employing multi-part solidification 
tactics in solder alloys offers much promise. Values of GRF for varying solute element 
concentrations to pure Sn can be used as a valuable guide in the selection of possible alloy 
systems to promote constitutional undercooling during β-Sn solidification. It should be noted, 
that although the GRF is appropriate to use in terms of down-selecting potential alloying 
elements that promote constitutional undercooling, it does not ultimately guarantee a grain 
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refinement effect. As noted by Easton et al., grain refinement within an alloy will depend not 
only on the degree of constitutional undercooling corresponding to the chosen solute 
concentration, but also on the thermal profile in the liquid ahead of the solidification front, 
the distribution and potency of inoculant particles in the liquid, the rate of diffusion of the 
solute species in the liquid (solute accumulation between growing grains can significantly 
reduce constitutional undercooling), the evolution of latent heat upon solidification, and the 
flux of heat away from the solid-liquid interface [52-54].  
 
Table I: Liquidus slopes (mL, assumed linear), partition coefficients (k), maximum 
concentrations of solutes in the Sn-liquid, and corresponding solute GRF values 
 
 
When considering GRFs to select potential solute additions to pure Sn, it is noted that 
Sn-based alloys have generally low solute GRF values for various elemental additions in the 
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Sn liquid at typical micro-alloying levels. Table I displays several solute options and their 
corresponding GRF values at their maximum solubility levels in the Sn liquid, as calculated 
from thermodynamic data gathered from ThermoCalc version 3, TCSLD3 solder alloy 
database [57]. The table portrays the fact that, especially when compared to the micro-alloying 
addition of Ti solute to Al (GRF of 36.8 at 0.15 wt. % [53]), the GRF values of the various 
solute additions to the Sn liquid are considerably lower, specifically at low concentrations. 
The most promising options from the current list include the possibility of reaching higher 
values of GRF with increased alloying concentrations, for example, a GRF of 86 at 53 wt. % 
Bi and a value of 29 at 8 wt. % Zn. It is also interesting to note that the micro-alloying 
elements that are generally accepted as helping to reduce the undercooling of β-Sn, such as 
Mn, Al, and Co, all have very low GRFs in the alloy liquid, signaling that any observed 
benefits in reduced undercooling within these systems must stem from a mechanism other 
than constitutional undercooling.  
Despite some of these limitations, using GRF concepts to increase the grain 
refinement of β-Sn may still be possible by looking outside the typical range of micro-
alloying additions. For example, Bi concentrations of 22 wt. % would achieve a GRF value 
of 36 in the Sn-Bi liquid, reaching levels comparable to micro-alloying additions of Ti to Al. 
In addition to decreasing grain size, other microstructural factors influence the balance 
between the need for improved fatigue life and improved impact resistance in Sn-based 
solder joints. As summarized in section 2.2, the generally poor impact resistance of SAC 
solder alloys can be improved by reducing Ag content in the alloy, thus reducing the 
formation of primary Ag3Sn. This enhancement in impact resistance though, often comes at 
the price of decreased thermomechanical fatigue resistance due to decreased phase fractions 
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of small, dispersed IMC phases that can act as dislocation blockers within the solder matrix. 
The ideal Sn-based solder microstructure will need to be optimized for these two properties. 
Given that current Sn-based solders often contain only one unique β-Sn nucleation site within 
a solder joint microstructure, a shift in grain refinement of β-Sn to include 4-5 unique β-Sn 
nucleation sites within a single solder joint may mitigate the reductions in fatigue life from 
decreased primary IMC presence by increased fatigue life via grain refinement. Future 
experimental research on solute additions and computational modeling of nucleant cluster 
formations within the Sn-alloy liquids should be performed to determine the viability of such 
approaches in Sn-based solders. 
High Temperature Interconnect Technologies 
Although the current RoHS exemption for high-Pb high-temperature solders is being 
reviewed by the European Commission with likely renewal through 2021, research in high-
temperature Pb-free alternatives has intensified. This is driven by both the need to find 
acceptable replacements for current uses of high-Pb solders and the demand for even higher 
temperature interconnect (HTI) technologies for electronic systems in increasingly harsh 
environments. The most widely used commercial Pb-free solder for high temperature 
applications is the Au-20Sn wt. % eutectic alloy (Te = 278°C) 
[58-63]. However, due to the 
high price of Au, Au-Sn alloys have been used primarily in high reliability applications 
including step-soldering in RF packages, hermetic sealing, aerospace, military, and medical 
electronics.  
At the same time that alternatives to high-Pb, high temperature solders are being 
sought, the operating temperatures of integrated circuits are increasing and the environments 
in which they are being used are becoming more extreme. The trend to more compact auto 
engine compartments is placing control systems closer to the engines and actuators, and 
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increasing exposure of vulnerable integrated circuitry to higher temperatures, vibration, and 
thus, conditions for fatigue and failure. Semiconductors based on GaN, III-Vs, SiC, and 
diamond can operate at significantly higher temperatures than Si, whose maximum operating 
temperature is approximately 200°C. This creates the need for new, RoHS-compliant 
bonding solutions for die-attach, insulated-gate bipolar transistor (IGBT) attach, and power 
electronics to replace high-Pb solders, Pb-free solders, and thermal interface materials used 
today. 
A wide range of non-solder alternatives have been researched over the last ten years 
resulting in a range of commercial products being currently offered. These technologies 
include sintering of Ag and Cu nanoparticles, core-shell nanoparticles, mixtures of coarser 
Cu with Ag nanoparticles, Ag-filled adhesives, Bi-Ag-X alloys, transient liquid phase 
sintering, and foil-based transient liquid phase bonding [64-70]. For an HTI to be an acceptable 
substitute for high-Pb solders in a given application, the HTI must: 
 
-Perform within an acceptable range of the electrical, thermal, and mechanical 
requirements for the application. 
-Form at temperatures less than or equal to commercial high-Pb solders it is replacing 
(< 300°C). 
-Perform reliably for typical operation and use conditions, including during thermal 
cycling to low and high temperatures depending on the operating ranges, which can reach 
400°C for some applications. 
-Exhibit acceptable mechanical, thermal, and electrical performance after long-term 
aging and use. 
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Among the alternative strategies for forming HTIs, approaches using either a liquid or 
a solid transient phase to meet these criteria are being widely pursued with commercial 
products currently available based on several different compositions. In the case of a liquid 
transient phase, a low melting point liquid reacts with a higher melting point solid to solidify 
isothermally by interdiffusion and/or IMC formation. Two classic examples of isothermal 
solidification by Rahman et al. are (1) a Cu-Ni liquid in contact with pure Ni forms a Cu-Ni 
solid solution by interdiffusion with no remaining liquid phase and (2) the reaction of liquid 
Sn with Cu forms two IMCs on solid Cu, and if annealed long enough to reach equilibrium, 
forms a single IMC on Cu. Both processes are based on isothermal solidification by 
interdiffusion; the key difference between the two is that the liquid is eliminated by the 
formation of an intermetallic phase in the Cu-Sn example versus interdiffusion to form a Ni-
Cu solid solution in the Cu-Ni example [71]. It is interesting to note that similar approaches 
can be used with a transient solid phase to raise the melting temperature of the remaining 
phases in the solder interconnect. For example, Zhu et al. recently developed a transient solid 
reaction system by first heating a solid tri-layer interconnect, Ni/eutectic Au-20Sn wt. %/Ni, 
to above the eutectic temperature (278°C), then cooling it to 240°C to solidify the liquid to 
form AuSn and Au5Sn (ς’ phase), and finally transforming it into a Ni-Ni3Sn4-Au5Sn-Ni3Sn4-
Ni multilayer structure by annealing the tri-layer for 100 hours at 240°C. The resulting ς’ 
phase shows a region of significant solid solubility, with the IMC composition shifting to 
higher Au concentrations and higher temperature stability as Ni3Sn4 continues to form 
[63].  
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Figure 5: LPDB microstructure of SN100C LTP and Cu-10 wt.% Ni HTP particles (dark 
grey). (Cu,Ni)6Sn5 intermetallic compound (light grey), and residual Sn (white) (Previously 
unpublished micrograph provided by the author) 
 
Transient phase processes in Sn-based systems have been referred to by various 
names and acronyms by different research groups. The terms “transient liquid phase 
sintering” (TLPS), “liquid phase diffusion bonding” (LPDB), “transient liquid phase 
bonding” (TLPB), and solid-liquid interdiffusion (SLID) have all been used to describe 
bonding of two substrates via isothermal solidification reactions between a low melting 
temperature phase (LTP) and the high melting temperature (HTP) substrates [63,67,69]. In this 
paper, the term LPDB will be used, although all can be used interchangeably. During 
processing when the temperature is heated higher than the solidus of the LTP, liquid forms 
and wets the HTP and the substrate surfaces. Typically the LTP is heated above its liquidus 
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so that the LTP is completely molten. Isothermal solidification occurs by interdiffusion such 
that no liquid remains. The role of added HTP particles is to increase the surface area for 
interdiffusion and reaction, to reduce the time needed for sufficient reaction, rather than 
being limited by the surface area of the substrates. The underlying principle is the same with 
or without HTP particles added to the LTP. In this paper we focus on two approaches to HTI 
alloy and system design for LPDB systems for different applications. The first approach 
illustrates how metastability can be exploited in the Cu-Ni-Sn ternary to create a pseudo-
binary LPDB system using a Sn-Cu-Ni LTP alloy and Cu-10Ni wt. % binary solid solution 
HTP. The second approach presents a thermodynamic framework to bound alloy candidates 
for ternary and higher order LPDB systems as a function of processing and operating 
temperatures. 
 
Figure 6: (a) Calculated metastable equilibria in the Sn-Cu-Ni systems at 240 ˚C. The 
possible s-phase is indicated and dotted lines in the Cu-Ni side of the diagram beyond the 
formation of (Cu, Ni)6Sn5 and (Ni, Cu)3Sn4 reflect the uncertainties in the phase equilibria. 
Plot reproduced from Ref 74. (b) Schematic reaction diagram represents the phases observed 
in diffusion couples composed of Cu-Ni HTP and Sn at around 240 ˚C. The gold circles 
indicate the final phases remaining after complete consumption of the Sn for a Cu-10 wt.%Ni 
HTP alloy. 
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Liquid Phase Diffusion Bonding in The Cu-Ni-Sn System 
Liquid phase diffusion bonding reactions in the Sn-Cu-Ni system were examined by 
McCluskey, Greve, and Moeini with a Sn-3.5Ag LTP in combination with Cu, Ni, or mixture 
of Cu and Ni powders with Ni substrates as the HTP substrates [67,68,72]. Samples were 
processed at a peak temperature of 300°C in an inert atmosphere for approximately 30 
minutes using 0.2 MPa of applied pressure to reduce void formation. The resulting 
microstructures for Ni-Sn and (Cu, Ni)-Sn contained few voids; pockets of Sn in cross-
sections of the bonds indicated incomplete solidification. Despite the presence of unreacted 
Sn, shear tests of Ag metallized Si dies bonded to Ni substrates using this technique indicated 
that the bonds were able to withstand 10 MPa up to 435°C using mixed Cu and Ni particles 
as the HTP and up to 600 °C (test setup limit) with Ni HTP particles [73]. These mechanical 
property results are consistent with the melting temperatures of the expected intermetallics in 
the systems: approximately 415°C for Cu6Sn5 and 798°C for Ni3Sn4. These results also 
demonstrate that the bonds may provide adequate performance at elevated temperatures even 
in the presence of isolated pockets of residual liquid. 
The Cu-Ni-Sn ternary system has advantages over the binary Sn-Cu system. Nickel, 
even in trace amounts, is soluble in Cu6Sn5 and suppresses the IMC’s allotropic phase change 
upon cooling, i.e., stabilizing the high temperature hexagonal (Cu, Ni)6Sn5 
[37]. However, as 
reported by McCluskey, when both Cu and Ni HTP particles are used, the system has 
competing reactions between the two binaries: with the formation of Cu3Sn and Cu6Sn5 
between Cu and Sn, and the formation of Ni3Sn4 between Ni and Sn. If the Cu6Sn5 forms 
quickly enough such that little Ni from the liquid is available to be incorporated into the 
IMC, the low temperature, more brittle monoclinic Cu6Sn5 can form. Furthermore, as seen in 
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reactions in BGAs in which one substrate is Cu and one is Ni, the two intermetallics in 
contact with the liquid can change in both composition and phase over time since they are not 
in thermodynamic equilibrium. 
 
 
Figure 7: LPDB microstructure of 25 vol. % Cu-10 wt.% Ni HTP particles (black) and 75 
vol.% SN100C LTP after reflow processing for 30s above the liquidus (227 °C) with a peak 
temperature of 250 °C (Previously unpublished micrograph provided by the author) 
 
Choquette and Anderson avoided these issues by creating LPDB systems with Cu-
10Ni wt. % HTP alloy powders and Sn-0.7Cu-0.05Ni LTP powder (Nihon Superior, 
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SN100C), leading to the formation of (Cu, Ni)6Sn5 in the processed joints. The 
microstructures formed by this powder paste reflowed with 30s above liquidus (227°C) to a 
peak temperature of 250°C can be seen in Fig. 5. Liquid-phase diffusion bonding occurred 
between the tin alloy (white) and the solid Cu-Ni powder (dark gray), with reaction 
formation of the (Cu, Ni)6Sn5 phase (light gray). No formation of (Cu, Ni)3Sn was observed. 
The absence of (Cu, Ni)3Sn has been reported previously for similar diffusion couples 
annealed at 240°C by Vuorinen et al. and at 200°C by Baheti et al [74], [75]. Baheti et al. 
presented evidence that (Cu, Ni)3Sn is not thermodynamically stable at 200°C for Ni 
concentrations equal to or greater than 7.5 wt. % Ni, and suggested that the absence of the 
thermodynamically stable ternary intermetallic was due to difficulty in nucleation of the 
phase [75]. However, at 240°C, Vuorinen et al. argued that the absence of the (Cu, Ni)3Sn was 
kinetic in origin, i.e., that (Cu, Ni)3Sn was thermodynamically stable, but did not form due to 
rapid growth of (Cu, Ni)6Sn5 
[74]. This latter interpretation is supported by phase equilibrium 
experiments by Lin et al. that showed (Cu, Ni)3Sn in equilibrium with Cu-Ni alloys at 240°C 
[76]. The most important feature of this system is, therefore, that it can be treated as two 
pseudo-binaries. This can be understood by comparing the 240°C isothermal section of the 
phase diagram (Fig. 6a) with what we refer to as a “reaction diagram” (Fig. 6b). This 
isothermal reaction diagram schematically shows the phases observed during the short 
annealing times required for LPDB systems. Many binary and ternary phases present in the 
equilibrium phase diagram are missing in the diffusion couples as discussed above. The Cu-
Ni HTP alloys in contact with Sn form either (Cu, Ni)6Sn5 or (Ni, Cu)3Sn4 depending on the 
HTP alloy composition, and at low Ni concentrations (Cu, Ni)3Sn is also observed. This 
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diagram helps to visualize the resulting phases forming from diffusion couples in various 
HTP and LTP composition regimes. 
Recent experiments testing several volume ratios of LTP:HTP (Sn alloy powder: Cu-
10Ni wt. % powder) showed formation of large voids and flux trapping at a ratio of 25 vol. 
%:75 vol. % (LTP:HTP). This issue was resolved when the ratio of LTP:HTP was increased 
to 75 vol. %:25 vol. % (LTP:HTP). This increased fraction of liquid phase allowed for better 
wetting, greater pore filling, significant rearrangement within the LTP/HTP mixture before 
IMC formation, and the flux to be expelled, thus reducing porosity. A typical microstructure 
resulting from the 75 vol. % LTP:25 vol. % HTP ratio is shown in Fig. 7, after 30s reflow 
above liquidus (227°C) with a peak reflow temperature of 250°C. Approximately 10 μm of 
(Cu, Ni)6Sn5 was observed to have formed and significant residual Sn-liquid was left 
surrounding the HTP particles. For a viable LPDB system, there must be significant “bridge” 
formation (IMC growth) between the (Cu, Ni)6Sn5 coated HTP particles and percolation of 
the IMC to form a rigid structure. In Fig.7 there is little evidence that this has occurred. As 
noted above, the results of Greve et al. indicated that complete consumption of the Sn is not 
required, however, the acceptable levels of residual liquid as a function of starting 
microstructure are not known [73]. There are at least two minimum conditions for bridge 
formation. First, there must be enough HTP alloy to consume all the Sn; for the formation of 
Cu6Sn5 between Cu and Sn, the critical ratio is 35 vol. %:65 vol. % (Cu:Sn). Therefore, the 
amount of HTP will need to be increased for the reaction to continue. The second is that the 
(Cu, Ni)6Sn5-coated HTP particles must be touching such that the residual liquid is isolated at 
the HTP particle junctions. Whether this will occur during processing for a given ratio of 
LTP:HTP will depend on a number of factors, including the reaction rate and the starting 
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HTP particle size. It is interesting to note that Vuorinen et al. reported that the growth rate of 
(Cu, Ni)6Sn5 at 240°C increased as a function of Ni in the Cu-Ni alloy, reaching a maximum 
at approximately 10 at. % Ni [74]. In their experiments with Cu-10 at. %Ni in contact with Sn, 
the (Cu, Ni)6Sn5 thickness was approximately 10 μm after 10 minutes at 240°C, in contrast to 
the 10 μm after 30s at 250°C seen here by Choquette and Anderson [69]. Optimization of the 
Cu-Ni-Sn LPDB system will require quantifying the effects of LTP:HTP ratio, HTP particle 
size, packing, and processing temperature on liquid consumption rate, the location of the 
residual liquid, and the resulting mechanical properties of the LPDB structure. Practical 
processing and compatibility considerations will dictate the maximum acceptable processing 
temperatures and times, and therefore, under what conditions the Cu-Ni-Sn LPDB system 
can be used. 
Thermodynamic Framework for Identifying New Ternary LPDB Systems 
The relationship between the equilibrium phases in Sn-based ternary phase diagrams 
and the specific interdiffusion paths for soldering and bond formation have been studied 
extensively for a range of systems. For example, Chen et al., determined both the phase 
diagrams and the diffusion paths for a range of Sn-In alloys reacting with Ag [77]. These 
studies and the relationships they have revealed can be leveraged to identify new LPDB 
formulations and processing paths for multi-component systems. In particular, we suggest 
that design criteria can be defined and used as a screening tool to identify potential LTP and 
HTP compositions based on examination of ternary phase diagrams, either calculated or 
experimental. These criteria described below are based on (1) melting temperature of the 
LTP, (2) formation of IMCs that consume components of the liquid phase, (3) three phase 
equilibrium between the terminal liquid, the IMC, and any third phase that must precipitate 
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for the liquid fraction to decrease, and (4) the temperature at which reactions occur in the 
solidified structure as it is heated. 
The binary Cu-Sn LPDB system provides a simple starting point before proceeding to 
discuss three component systems. The binary Cu-Sn phase diagram shown in Fig. 8 
illustrates several of the key thermodynamic characteristics necessary for LPDB. The first 
characteristic is that processing must occur above the melting point of the LTP, which in the 
case of pure Sn is 232°C. The second characteristic is that the resulting intermetallic phases 
from a given HTP-LTP combination incorporate Sn, the primary component in the liquid. 
Consider the interface between a small volume of liquid Sn in contact with a relatively large 
volume of solid Cu at 250°C. The blue, double-arrow line in Fig. 8 identifies the 250°C 
isotherm on the Cu-Sn phase diagram. Initially, Cu dissolves into the liquid Sn. (It is 
assumed that the liquid is well mixed.) Once the Sn becomes saturated with Cu, Cu6Sn5 
nucleates. The Cu6Sn5 typically develops a scalloped interface, and a Cu3Sn layer forms 
between the Cu and Cu6Sn5. There are now 3 interfaces: Cu-Cu3Sn, Cu3Sn-Cu6Sn5, and 
Cu6Sn5-Sn. The evolution of phases at the Cu-Sn interface follows the line across the 
isotherm, indicated in Fig. 8. 
Ternary elements may be added to the LTP for several purposes. An alloying 
component may be used to modify the IMC phases in equilibrium with the liquid LTP. 
Alternative IMC phases may be favored based on mechanical properties or melting 
temperature. A three-component system also results in the regions of three-phase 
equilibrium. Solute rich alloys can be therefore leveraged to reduce processing time by 
precipitation of a new phase in the liquid as the IMC forms, i.e., solidification occurs both by 
IMC formation and precipitation. The precipitation of a new phase is not itself diffusion 
107 
limited, but it is determined by the rate of IMC formation. A liquid composition in three-
phase equilibrium with the dominant IMC phase and the precipitate phase is necessary to 
gain this benefit of two concurrent forms of isothermal solidification. The third characteristic 
is that the terminal liquid must be in equilibrium with both the IMC and the third 
precipitating phase in order for the liquid to be consumed. The fourth characteristic is 
determined by the use temperature: the precipitating phase must have a melting point higher 
than the intended use temperature, and the precipitating phase must not react to form a liquid 
at the intended use temperature. 
 
 
Figure 8: Cu-Sn phase diagram generated using ThermoCalc with database TCSLD1.[57] The 
gold circles indicate the phases observed when the liquid phase is consumed in typical Cu-Sn 
LPDB reactions. Further annealing may lead to the disappearance of at least one of the two 
phases depending on the interdiffusion kinetics  
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In the discussion that follows, these four thermodynamic characteristics are discussed 
for three Sn- Bi ternaries: Ag-Bi-Sn, Cu-Bi-Sn, and Ni-Bi-Sn, and three Sn-In ternaries: Ag-
In-Sn, Cu-In-Sn, and Ni-In- Sn. Phase diagrams were calculated using Thermo-Calc (version 
3) with the solder solution database version 1 [57]. Isothermal sections at 1°C intervals were 
generated and compared with experimental results from the literature, such as [78]. 
Potential LPDB Systems 
Sn-Ag, Sn-Cu, or Sn-Ni 
Typical substrate and HTP powder compositions are composed of Ag, Cu, or Ni, and 
form the basis of the starting binaries. The elements Ag and Cu form eutectics with Sn at 
220°C and 227°C, respectively. Nickel does not significantly decrease the melting 
temperature of Sn, and therefore does not affect the LTP melting temperature, but it may be 
used to modify the initial equilibrium phase with Cu, as in the Cu-Ni-Sn system. Because all 
three HTPs form IMC phases with Sn, effective solute compositions are limited to the 
liquidus composition in equilibrium with the IMC at the isothermal solidification 
temperature. Hyper-eutectic LTP compositions will result in primary IMC in the liquid that 
remains solid during processing, and may be of benefit to reduce the amount of IMC 
formation necessary to isothermally solidify and form interconnects. 
Bi-Sn LTP with Ag, Cu, or Ni 
The Sn-Bi eutectic reaction occurs near 138°C and 57 wt. % Bi (43 at. % Bi). The 
element Bi forms simple binary eutectics with Ag (Te = 262.5°C) and Cu (Te = 270.6°C), 
with no IMCs. The Ni-Bi phase diagram contains two IMCs, NiBi and NiBi3, and has a 
eutectic reaction (Te = 271°C), however, the NiBi3 IMC has been observed only in long-term 
annealing experiments after reaction between Ni and Sn-Bi alloys with Bi content in the alloy 
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> 96.5 at. % Bi [79]. Given the deep Sn- Bi eutectic, the maximum effective addition of Bi is 
limited only by the compositions that are liquid at the targeted processing temperature. In 
fact, the amount of Bi solute may be leveraged to minimize the amount of Sn that must be 
consumed by IMC formation for isothermal solidification. The ternary Ag-Bi-Sn (Ag HTP 
substrate) will form a single IMC Ag3Sn, with the rejected Bi phase precipitating from the 
terminal liquid as the IMC grows. The isothermal sections from the phase diagram and the 
corresponding reaction diagrams contain the same phases, with the exception of the ς-Ag 
phase. The ternary Ni-Sn-Bi is also compatible with LPDB, since Ni3Sn4 is the only IMC that 
forms in diffusion couples with Sn-Bi alloys, and it is in equilibrium with the rejected Bi 
phase. For Bi-Ni-Sn, the isothermal sections of the phase diagram and the corresponding 
reaction diagrams are similar, with the exception of the Ni-Bi IMCs. 
The ternary Cu-Sn-Bi is both simpler, and yet, more complicated than the Ag-Bi-Sn 
and Bi-Ni-Sn systems, primarily due to the two equilibrium Cu-Sn IMCs (Cu6Sn5 and Cu3Sn) 
that also form in the diffusion couples. Since Bi does not react with Cu, it must precipitate as 
a solid in order for isothermal solidification to proceed. Both Cu-Sn IMC phases are in 
equilibrium with Bi below 200°C, but only Cu3Sn is in equilibrium with Bi above 200°C. 
The Cu-Sn-Bi ternary system exhibits the following Class II reaction at approximately 
200°C: Cu3Sn + L → Cu6Sn5 + Bi [80]. Isothermal sections above and below 200°C are 
shown in Fig. 9. Since all the equilibrium phases are observed in diffusion couples, 
isothermal sections can be used as reaction diagrams. At 170°C, reactions for all Sn-Bi LTP 
alloy compositions to the left of the terminal liquid composition in contact with Cu lead to 
the formation of Cu6Sn5 in contact with the liquid. As the IMC grows, the liquid composition 
shifts until it reaches the terminal liquid composition (blue star, Fig. 9a) for the three-phase 
110 
equilibrium triangle for Cu6Sn5 and solid Bi. As the IMC continues to grow, the amount of 
liquid also decreases by precipitation of the Bi, until all liquid is consumed. Additionally, 
there is then also the formation of the Cu3Sn phase between Cu and Cu6Sn5. The final phases 
in the LPDB structure are those indicated by the gold circles (Fig. 9a). In contrast, at 
temperatures above 200°C (260°C isothermal shown in Fig. 9b), Sn-rich Sn-Bi liquids reach 
a terminal liquid composition (blue star, Fig. 9b) in equilibrium with Cu6Sn5 and Cu3Sn, not 
with solid Bi. Therefore, for Sn-rich Sn-Bi alloys, the growth of Cu6Sn5 stops at this terminal 
liquid composition, and, hence, isothermal solidification proceeds until the Cu6Sn5 is 
completely consumed by growth of Cu3Sn (gold circles indicate final phases, Fig. 9b). 
Isothermal solidification is possible as low as the eutectic temperature for Sn-rich Sn-Bi 
alloys, but reaction of Cu6Sn5 and rejected Bi to form liquid limits processing and operating 
temperatures to below 200°C. In comparison, for Bi-rich Sn-Bi alloy compositions above 
200°C, Cu3Sn formation occurs in equilibrium with the Bi-rich liquid, shifting to higher Bi 
concentrations as Cu3Sn growth proceeds. With the terminal liquid composition indicated 
(black star, Fig. 9b), the reaction can go to completion avoiding the limitations posed by the 
equilibrium inversion at Sn-rich concentrations, with the final phases in the LPDB structure 
indicated by the black circles (Fig. 9b) The limiting factor for any of these ternaries with Sn-
Bi is the melting temperature of Bi, 271°C. The ternary Sn-Bi LTPs with Ag, Cu, or Ni are 
thus recommended for further investigation. 
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Figure 9: Isothermal sections of the Cu-Sn-Bi phase diagram generated using Thermo-Calc 
V.3 with database TCSLD1.[57] (a) At 170 °C all initial LTP liquid compositions can be 
isothermally solidified with the terminal liquid composition (blue star) as marked. The gold 
circles indicate the phases observed when the liquid phase is consumed in typical LPDB 
reactions. (b) At 260 °C, Sn-rich LTP compositions end up at the terminal liquid composition 
(blue star) which leads to a stable liquid as long as Cu6Sn5 is in contact with the liquid. 
During reaction, Bi-rich LTP compositions shift to the terminal liquid composition (black 
star) and further reaction leads to the phases indicated by the black circles. 
 
In-Sn LTP with Ag, Cu, or Ni 
In the binary, Sn and In react to form binary IMCs with extensive solid solubility; the 
Sn-In binary eutectic reaction is between two intermetallics and occurs near 120°C and 50.9 
wt. % In (51.7 at. % In). Both In and Sn form IMCs with Ag, Cu, and Ni. There have been a 
few observations of ternary compounds, but there are regions of complete solid solubility 
across the ternaries and more limited solubility of the third element in some binary IMCs. 
The ternary Ag-Sn-In is minimally compatible with LPDB, because In-Sn alloys react with 
Ag to form Ag-In IMCs with limited solid solubility of Sn. With low temperature processing, 
this can lead to the precipitation of a Sn-In IMC that melts at 222°C, and therefore, does not 
offer any advantages over conventional Pb-free solder alloys. In contrast, the ternary Cu-Sn-
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In is a promising LPDB system because the Cu6(Sn, In)5 phase in equilibrium with near-
eutectic liquid compositions incorporates both components of the LTP, as seen in the 
calculated Cn-Sn-In isothermal section of the ternary phase diagram in Fig.10, and has been 
shown to solidify isothermally by Sasangka et al. [81]. The ternary Ni-Sn-In exhibits similar 
characteristics to Cu-Sn-In, but the solubility of In in Ni3Sn4 is more limited. As with the Ag-
In-Sn system, alloys of In-rich Ni-Sn-In are likely to form undesirable low-melting 
temperature In-Sn IMCs rather than Ni3(Sn, In)4. The ternaries of In-Sn LTPs with Cu and Ni 
exhibit promising characteristics over specific composition and temperature ranges and are, 
therefore, recommended for further investigation, particularly the Cu-In-Sn system. 
Calculated Phase Diagrams and the Role of Kinetics 
As demonstrated above, thermodynamic criteria for LPDB can be used to identify 
composition and temperature ranges that exist in promising ternary systems and warrant 
further study. The calculated isothermal sections and solidification paths can then be used as 
a starting point for understanding IMC formation and microstructural evolution. However, 
thermodynamics is only one aspect of selecting a formulation. The kinetics of IMC phase 
formation may change for a number of reasons with the addition of ternary components. As 
noted above, Baheti et al. found that increasing the Ni concentration in Cu-Ni alloys (≤5 at % 
Ni) decreased the growth rate of (Cu, Ni)3Sn until at Cu-5 at. % Ni, (Cu, Ni)3Sn was not 
present even though it was thermodynamically stable. This was attributed to the increase in 
the growth rate of (Cu, Ni)6Sn5 with increasing Ni concentrations, due to both the change in 
the relative diffusivities of Sn and Cu in the (Cu, Ni)6Sn5 phase and the increasing 
contribution of grain boundary diffusion to growth as the (Cu, Ni)6Sn5 grain size decreased 
with increasing Ni concentration [75]. Stable phases at operating temperatures must be 
considered as well. For instance, Chen et al. found that Sn-20In wt. % reacts with Ag to form 
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a ternary IMC phase over a wide range of compositions at 250°C, but aging at 125°C caused 
a AgIn2 phase to form. Chen et al. also observed variation in the growth kinetics of the 
ternary Ag-Sn-In phase depending on the composition of the Sn-In phase [77]. Therefore, 
identifying the diffusion pathway and kinetics for each potential LPDB system of interest 
will be highly relevant and vital, in addition to the thermodynamic characteristics of the 
LPDB system, to the success and implementation of future LPDB systems for high 
temperature solder interconnects. 
 
 
Figure 10: Isothermal section of the Cu-Sn-In phase diagram at 170 °C generated using 
Thermo-Calc V.3 with database TCSLD1.[57] All initial LTP liquid compositions can possibly 
be isothermally solidified forming a Cu6(Sn,In)5 ternary solid solution. Experimental 
measurements of the specific reaction paths for different LTP compositions and the relative 
diffusivities of Sn and In in the IMCs still must be evaluated to determine what ranges can be 
used 
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Conclusions 
The need for new Pb-free solders and high temperature interconnects has continued 
long after the RoHS-driven, Pb-free solder transition due to demand for both high reliability 
and good performance in increasingly harsh environments. Alloy thermodynamics and phase 
diagrams, as represented by the work of Jack Smith, are foundational in our continuing 
efforts to design Pb-free interconnect solutions with improved performance and for high 
temperature interfaces. This paper highlights some recent advances in microstructure design 
for Pb-free interconnect systems, focusing on existing challenges in the nucleation of β-Sn in 
Sn-based solder alloys and on alloy design to create isothermally solidified interconnects 
using transient liquid phases.  
The progress made since Swenson’s 2007 review of the challenges in β-Sn nucleation 
can be understood in the context of Swenson’s three approaches for improving β-Sn 
nucleation: decreasing, or eliminating, Ag from Sn-based alloy design to advantage non-
equilibrium phase formation, the addition of nucleating heterogeneities to promote β-Sn grain 
nucleation, and the use of rapid solidification to decrease, or eliminate, primary IMC 
formation. Despite these advances made based on Swenson’s suggestions, a Sn-based alloy 
has yet to be identified that can holistically control solder IMC formation, β-Sn undercooling, 
and refinement of β-Sn grain size (with multiple non-twinned orientations). Thus, future 
work was proposed via a multi-faceted solidification approach combining the benefits of 
constitutional undercooling with the addition of solute and the effects of heterogeneous 
nucleating particles to ultimately promote β-Sn grain refinement in Sn-based solder alloys. 
Using Al alloys as the model, growth restriction factors (GRFs) were used to define potential 
solute additions to pure Sn that promote constitutional undercooling, and thus enhanced 
nucleation of the β-Sn phase. One such suggestion was the addition of Zn in the range of 3-8 
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wt. % (GRFs = 11-29), utilized in tandem with uniformly dispersed heterogeneous nucleant 
particles, such as XSn4 IMCs, which could hold promise for providing both the constitutional 
undercooling and the potent nucleation sites necessary for enhanced nucleation and ultimate 
grain refinement the β-Sn phase. Such a multi-faceted approach to enhancing the nucleation 
of β-Sn and thus reducing the overall β-Sn grain size in Sn-based solder alloys holds much 
promise and future research, both experimentally and computationally, in these areas of β-Sn 
solidification should be pursued. 
In the final section, two different approaches to interconnect design were presented 
based on liquid phase diffusion bonding (LPDB) as a replacement for high-Pb solders based 
on the Cu-Ni-Sn system and on a thermodynamic framework for identifying promising 
ternary alloys for LPDB. Modification of the equilibrium phases by using Cu-Ni alloys as the 
high melting temperature phase was pursued in order to improve performance previously 
demonstrated using LPDB systems containing Cu-Sn and Cu-Ni-Sn with separate Ni and Cu 
particles. A framework for selecting alternative LPDB formulations was also described: the 
equilibrium phase diagrams were used as a starting point for down-selection based on four 
thermodynamic criteria. This framework was applied to existing data for three Sn-Bi 
ternaries (Sn-Bi-Ag, Sn-Bi-Cu, and Sn-Bi-Ni) and three Sn-In ternaries (Sn-In-Ag, Sn-In-Cu, 
and Sn-In-Ni), and specific ternaries and composition ranges were identified as promising 
low temperature phases for LPDB. A special form of metastable diagram for LPDB which 
we refer to as a “reaction diagram” was introduced as a way to understand the observed 
deviations from equilibrium phase diagrams for isothermal annealing as a function of 
temperature and time. Further development of Pb-free solder alloys and LPDB interconnect 
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solutions will continue to build upon the foundations of thermodynamics, to which Jack 
Smith so significantly contributed throughout his career. 
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Abstract 
Continued development of Cu-Ni/Sn composite solder paste as a Pb-free alternative 
to high-Pb solder seeks to improve reliability of printed circuit board (PCB) solder joints, 
even for extremely high temperatures, up to 400°C. The prototype paste uses experimental 
gas-atomized Cu-10Ni (wt.%) powder, blended with commercial SN100C solder powder 
(Sn-0.7Cu-0.05Ni+0.01Ge, wt.%) in a liquid-phase diffusion bonding process, forming 
electrical interconnects that are processed at 250°C and transform to an intermetallic 
compound that melts above 400°C. Voiding reduction in electrical joints made from this 
paste was addressed using several methods. A comparison is made between this powder 
composite paste and other popular research for replacing High-Pb solder. Results suggest that 
this paste could be an excellent “drop-in” replacement for the Pb-based high-temperature 
solders that are soon to be outlawed in the EU by RoHS. Support from Iowa State Research 
Foundation and Nihon Superior, Co., Ltd., through Ames Lab (DE-AC02-07CH11358) is 
gratefully acknowledged.  
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Introduction 
It is fairly common knowledge that the use of lead worries many people. Short of 
death, lead has been known to cause severe nerve damage, loss of hearing, issues with 
digestion, and stunted growth - most notably in children. Several years ago, the realization of 
these harmful effects started a chain of hazardous substance regulation, such as RoHS or the 
Restriction of Hazardous Substances, enacted by the European Union [1,2]. Currently, 
solders with 85% lead or more are given an exemption to this rule, but typically only in high-
temperature situations. This is because the perfect replacement for high-Pb solder has yet to 
be discovered by the electronics industry. 
In addition, solders in high-technology integrated circuitry are being used in much 
harsher environments than in the past. To be considered in the regime of “high-temperature” 
in terms of solder, the electrical connections are usually operated up to (and sometimes much 
higher) than 150°C. Applications such as these include deep oil well drilling, continued 
aircraft advancement, and the move toward electric-powered vehicles. The equipment being 
used in each of these cases is often exposed to high-heat and high-humidity environments 
that would typically cause short circuits or circuit breaks with the solders used historically [1-
3]. High-Pb-based solders such as Pb-5(wt.%)Sn are commonly the best, or even the only, 
option. However, environmental regulations such as RoHS have left these industries 
desperately searching for the ideal replacement for these high-lead solders. 
High-Temperature Pb-Free Alternatives 
Candidates for high-Pb replacement include several different alternative solder alloys 
(such as Au-20Sn, which consists of an inconvenient 80% gold), electrically-conductive 
adhesives (which are generally epoxies loaded with silver flakes), nano-silver sintering (in 
which the small size of the silver particles allows for low temperature sintering), and TLPS 
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(which is similar to my research method but is termed transient liquid-phase sintering) [1-6]. 
In Figure 1, the gray in the background of each spectrum map represents the qualities of 
High-Pb solder (Pn-5Sn). As seen, none of these methods can yet cover the complete 
spectrum of talents that High-Pb solder has, but by integrating metal solder powder into the 
game, we are getting closer than ever. 
    
 
Figure 1. Quality comparison of four high-temperature alternatives to high-Pb solder. 
 
The LPDB Method 
The Sn-Cu-Ni ternary system is currently a popular system being studied for high 
temperature solder use. Our current paste design, compounded by Nihon Superior, uses this 
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ternary materials system combined with liquid-phase diffusion bonding or LPDB of metal 
powders [5,7]. Figure 2 is a schematic for the theoretical microstructure of our composite 
paste before reflow. It consists of only Type 6 powders, which range from 5-15 micrometers, 
blended to 34 vol.% Cu-10(wt.%)Ni (the remaining volume being Nihon Superior’s Sn-rich 
commercial solder alloy SN100C). Since the dominating form of transportation of the Cu and 
Ni atoms is grain boundary diffusion, using small metallic powders allows very rapid 
diffusion due to the high concentration of powder surface area which can be used as grain 
boundaries. In addition, our method of pre-alloying the Cu-filler phase creates an advantage 
over simply applying a Ni metallization to the joint substrate. The pre-alloyed metallic 
powders allow the addition of nickel at sufficient amounts to transform the majority 
intermetallic compound (IMC) from brittle to ductile, while also limiting the Ni-content to 
prevent the formation of unwanted high-Ni intermetallic compounds [7-11]. 
 
 
Figure 2. Schematic of the theoretical composition of the paste between two copper plates. 
 
The ultimate goal of researching new methods of high-temperature solders is to find a 
material that can be processed at the typical solder reflow temperature (~250*C), but can be 
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also operated efficiently and reliably at a higher temperature. We began to study liquid-phase 
diffusion bonding or LPDB. The concept of this paste research method is to use a composite 
metallic powder blend of a high-melting and a low-melting metal. During reflow the tin-rich 
solder powder melts at 227°C and spreads around the surfaces of the solid Cu-Ni powders. 
Here, interdiffusion of the Sn, Cu, and Ni atoms occurs very rapidly, causing isothermal 
solidification of the bonding intermetallic compound of (Cu,Ni)6Sn5, which will now remain 
solid until about 525°C – which is the solder joint’s theoretical new melting temperature. The 
bottom right of Figure 3 shows our ideal ending microstructure. However, we are still 
working on finding the exact reflow profile to achieve this.  
 
Figure 3. Good and bad evolutions of a composite solder paste microstructure during liquid-
phase diffusion bonding. 
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The choice of adding Ni to the Sn-Cu system can be justified by these Differential 
Scanning Calorimetry (DSC) profiles (Figure 4). The bottom profile is for Cu6Sn5 (the phase 
represented in green in Figure 3), and the top profile is for the same phase but with the 
inclusion of Ni. The temperature scale here reflects standard temperatures used during a 
solder reflow cycle. Clearly, there is a phase transformation occurring in the bottom plot, 
while nothing is happening on the top plot. That phase change causes vast amounts of 
cracking in the intermetallic layers, leading to brittle solder joints. As low as 1 at.% Ni has 
been shown to provide a suppression of this phase change, providing more stable and ductile 
electrical joints [11]. 
 
 
Figure 4. Differential scanning calorimetry of modified and unmodified Cu6Sn5, highlighting 
nickel’s suppression of phase transformations under 500°C. 
 
Solder Voiding  
Several concerns that the industry has with research systems involving composite 
metal powders included the undesirable formation of brittle intermetallic compounds, the 
possibility of a lower conductivity than high-Pb solders, substrate compatibility, phase 
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stability - especially at high temperatures, the ability to make small electrical interconnects, 
and typical to many solder systems, voiding [1-3]. 
Even though there are no specific industry standards for the amount of voiding in 
solder interconnects, it is obviously agreed that they are undesirable for these displayed 
reasons. Voids in solder joints have been shown to cause issues with reliability, function and 
operation, thermal gradients, joint failures, and thus can cause a loss in business too. 
Therefore, most companies agree that for general interconnects, voiding must be less than 
50%, especially with no single void occupying the majority of that percentage [1,2,8-11]. 
Even though our paste falls within these guidelines currently, we still aim to create joints that 
are continuously more void-free. 
Solder researchers have reported many different methods that can reduce voiding in 
their solder joints. A few of these methods include [1,2,4-6,8-11]: 
 
Choosing alloys and substrates with excellent solderability 
Using a flux chemistry and quantity designed specifically for the chosen paste 
Manipulating flux vaporization, flux activity, and flux outgassing by changing the 
reflow profile 
Using higher temperatures to drive out volatiles that can create voids 
Using thinner joints so that voids can’t expand  
Using smaller powders in the paste 
Reducing the amount of particle oxidation before fluxing 
And even applying vibration during reflow. 
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Some of these methods are either impractical or out of our hands for continuation of 
our research. This document focuses on experiments that show the results for several of these 
methods that we were capable of doing. 
Experimental Procedure 
A composite solder paste was developed for use as a high-temperature alternative to 
high-Pb solder. The fluxed paste, compounded by Nihon Superior, consisted of 34 vol.% gas-
atomized Cu-10wt.%Ni (Type 6, 5-15 µm) and 66 vol.% Sn-0.7wt.%Cu-0.05wt.%Ni (Type 
6, 5-15 µm). A schematic of the paste was shown in Figure 2. The paste was applied as small 
dots using a plastic 24-gauge tapered syringe onto the surface of pure copper, which had been 
polished with 600 grit silicon carbide paper. Figure 5 shows a macro view of the solder joints 
after application.  
 
 
Figure 5. Macro view of the paste after application to copper substrate. 
 
An experiment was conducted using the variables listed in Table 1. Each sample such 
as that shown in Figure 5 was positioned as shown in Figure 6 and attached to a k-type 
thermocouple for monitoring of the sample’s temperature during reflow. The setup of Figure 
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5 was then placed onto a set of hot plates (Figure 6) in order to manipulate the parameters of 
the reflow profile, listed in Table 1.  
 
Table 1: Variables of the reflow experiment. 
 
 
 
Figure 6. Schematic of experimental setup of copper substrate with solder paste samples on a 
hotplate. 
 
Each sample set was polished to a 1 µm finish with diamond slurry. The directions of 
polish are indicated in Figure 5 by the arrows. For the images shown in the results section, if 
the substrate can be seen, polish direction 1 was used. For images that are entirely the solder 
microstructure, polish direction 2 was used. Quantitative metallography of 10 samples for 
each combination of variables was completed using ImageJ software.  
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Results 
My experiments have shown that using smaller powders not only creates a much 
more uniform microstructure of the intermetallic compound very rapidly (actually within 
minutes), but also helps minimize voiding. Figure 7 is a matrix of a combination of different 
powder sizes. Ignoring the polishing scratches, the microstructure in the lower right-hand 
corner with the combination of both powder types ranging from 5-15 µm looks the most 
promising for advancing diffusion. 
 
 
Figure 7. A matrix of the microstructures resulting from paste composites consisting of 
varying size metal powders. 
 
One method on that list for reducing voiding was also using smaller joint sizes. 
Figure 8 shows the average results obtained when varying only the thickness of the joint. 
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Many different runs varying in the width of the solder joint were completed. By observing 
the collection of 5 scanning electron microscopy (SEM) images taken for each run, it was 
qualitatively obvious that the thinner joints provided better quality joints with less overall 
porosity.  
 
 
Figure 8. The difference seen when decreasing the width of the composite solder paste joint. 
 
Another void-reducing method on that list was manipulating the reflow profile to 
accommodate the flux qualities within the paste. The Figure 9 images are all of pastes fitting 
the best criteria of the previous two observations: they are composed of smaller powders and 
of thinner joints. In these images, the focus was on the micro-porosity caused by the lack of 
diffusion of Ni. As explained earlier, when the intermetallic is not modified by the Ni, the 
IMC becomes brittle upon cooling to below 186°C, which can be seen by this presence of 
micro-porosity. Figure 10 shows these results in a graphical form by displaying the average 
micro-porosity found for each set of samples. 
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Figure 9. Matrix of the microstructures resulting from paste composites consisting of varying 
reflow profiles. 
 
 
Figure 10. Graphical representation of the matrix in Figure 9. 
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Another observation (Figure 11), as expected, showed that with continued time at the 
peak reflow temperature and with a slower temperature ramp rate, the extent of the diffusion 
of the dark gray phase, Cu-10Ni, was maximized. Figure 12 shows these results in graphical 
form by plotting the average area percent of Cu-10Ni for each set of samples. 
 
  
Figure 11. Matrix of the microstructures resulting from paste composites consisting of 
varying reflow profiles. 
 
 
Figure 12. Graphical representation of the matrix in Figure 11. 
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Disscussion 
In this experiment, I started a statistical study of the ideal reflow profile for the Cu-
10Ni/Sn-Alloy composite paste. So far, the study has shown that a slower ramp rate will 
produce less porosity, a slightly higher peak temperature will produce less porosity, and that 
the time at the peak reflow temperature shows little effect on porosity. 
One of the methods includes using smaller powders. The reason that this helps 
increase diffusion is likely due to the large amount of grain boundary diffusion that occurs 
during reflow. Smaller powders create more natural grain boundaries to facilitate in 
diffusion.  
In order to continue minimizing the porosity and voiding seen in these paste joints, 
the diffusion that has occurred throughout the microstructure of the composite paste joint 
needs to be maximized. As mentioned, the areas of untransformed IMC tend to crack and 
cause voids. With this information, the previous study verified some thoughts. The slower 
ramp rates, which caused less porosity, also gave a lower remainder of Cu-10Ni. This means 
more of the Cu-10Ni had diffused. This may not just have to do with a longer time for 
diffusion. Instead, based on the amount of residual tin also leftover, this may be an effect of 
the amount of time the materials were allowed to be molten. Unfortunately, due to the rapid 
diffusion of the Cu-Ni discussed earlier, increasing the amount of molten time becomes very 
difficult. To do this, it may depend upon a sort of reverse undercooling effect. More research 
will need to be made in order to determine methods of completing the diffusion during the 
fully molten state of the IMC.  
137 
Conclusions 
So far, I’ve been able to prove that Ni-modification can create a more ductile 
intermetallic bond, liquid-phase diffusion bonding allows intermetallic compound stability to 
over 500°C, increasing the fraction of the Sn-rich alloy in the composite paste helps increase 
wetting and decrease porosity, smaller powders also help decrease porosity and speed up 
IMC diffusion, and that at all costs, avoiding the use of pressure or inert atmospheres for 
composite solder paste reflow will be key to rapid insertion into the surface mount 
technology market.  
I still have a lot of work that I want to complete on this project to find the best reflow 
parameters for this high-temperature, lead-free composite paste. This work will include tests 
of aging and thermal cycling, measuring conductivity and other joint properties such as shear 
strength at relatively elevated temperatures, analysis and possible modification of the flux 
chemistry, better classification of the IMCs formed, continued void reduction, and new 
methods for SEM preparation such as the use of focused ion beam to prevent smearing 
defects of the joint caused by polishing. I also plan to continue my research into the ternary 
phase diagram of Sn-Cu-Ni and dive deeper into the methods of Ni’s rapid diffusion. 
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Abstract 
Continued improvement of our Cu-Ni/SN100C composite solder paste as a Pb-free 
alternative to high-Pb solder seeks to improve the reliability of printed circuit board (PCB) 
solder joints, even for extremely high temperatures, possibly up to 400°C. The designed 
paste is predicted to be inexpensive and able to withstand elevated temperatures while still 
maintaining a standard commercial processing temperature around 250°C. The paste 
performs using liquid-phase diffusion bonding (LPDB) to form the room-temperature stable 
intermetallic compound (Cu,Ni)6Sn5. The nickel addition to this high-temperature phase 
increases joint ductility by suppressing the brittle transformation of the IMC upon cooling. 
Updates to the research explore the maximum possible diffusion based on Cu-Ni powder 
composition and the use of a Sn-alloy as the liquid-half of the solid/liquid diffusion couple 
within the paste. Results suggest this could be an excellent “drop-in” replacement for solders 
soon to be eliminated by RoHS. 
Introduction 
The Ames Laboratory is currently researching the use of a composite paste blend of 
either pure Sn or the SN100C (Sn-0.7Cu-0.05Ni, wt.%) alloy with a Cu-Ni alloy, both in the 
form of spherical powders, for use as a high temperature, harsh environment solder 
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alternative to high-Pb ( > 90 wt. % Pb) solder [1]. In order to maximize the diffusion of the 
Cu-Ni with the Sn, the authors seek to determine the ideal composition of the Cu-Ni alloyed 
powder for use as a filler powder in the composite solder paste.  
This paper focuses on the work presented by Vuorinen et al. [2] in the journal article 
titled “Formation of Intermetallic Compounds Between Liquid Sn and Various CuNix 
Metallizations”, published in 2008. In the article, a procedure similar to that conducted in this 
document is used to help analyze the diffusion and formation of intermetallic compounds 
formed within a solid/liquid diffusion couple of Sn and Cu-Ni. The graph in Figure 1 comes 
from the research article by Vuorinen et al. and is used as the basis for this research. The 
graph plots the results of the article, providing the intermetallic compound thicknesses 
discovered for each of the eleven alloys and pure metal substrates tested. Both the 
thicknesses of what is termed the “two-phase layer” and the “uniphase layer” are reported.  
 
Figure 1. Graph from the journal article “Formation of Intermetallic Compounds Between 
Liquid Sn and Various CuNix Metallizations”, used as the basis for this research [2]. 
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Figure 2. 93.3Cu-6.7Ni/Sn diffusion couple annealed at 240°C for 10 minutes, showing the 
“uniphase layer” (red) and the “two-phase layer” (blue).  
 
The “two-phase layer” can be seen in Figure 2 as the area marked between the dark 
blue dotted lines, while the “uniphase layer” lies between the red dotted lines. The “two-
phase layer” consists of the intermetallic compound commonly seen as (Cu,Ni)6Sn5 mixed in 
with patches of Sn and/or another Cu+Sn phase. The “uniphase layer” consists of a solid 
band of (Cu,Ni)6Sn5 just off the substrate. The thickness of each layer varies with the amount 
of Ni present in the substrate, due to the available solubility of Cu and Ni in the Sn or Sn 
alloy. According to literature, these layers form as a result of the interaction of Ni in the 
substrate with the liquid Sn. The addition of Ni to Cu causes a decrease in the solubility in 
Sn, causing the elements to reside most densely near the surface of their source, the alloyed 
substrate material [2,3,4]. 
142 
 
  
Figure 3. Example of the “uniphase” and “two-phase” intermetallic layers seen in a 
composite solder paste, using Cu-10Ni, wt.%, (Cu-10.7at.%Ni) powders with SN100C solder 
powders. 
 
Figure 3 shows an example of what this phenomenon looks like in the Ames 
Laboratory’s current Cu-10wt.% Ni (10.7at.%Ni) /SN100C composite solder paste. The aim 
of the current research is to determine the maximum thickness possible for the “uniphase 
layer”. This is because the “two-phase layer” seen between each of the powder particles in 
Figure 3 is vulnerable to crumbling, since it sometimes contains Cu-Sn intermetallic 
compounds that, when unmodified by Ni, will crack upon cooling to below 186°C during a 
reflow cycle [5,6,7]. An example of this can be seen in Figure 4. Obviously, that shown in 
Figure 4 would not be an acceptable microstructure for any successful solder joint.  
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Figure 4. Cu-10Ni(wt.%)/SN100C (Cu-10.7at.%Ni) composite solder paste in which the 
“uniphase layer” was kept intact while the “two-phase layer” crumbled. 
 
By determining the alloy composition with the maximum layer thickness of the 
uncrumbled “uniphase layer”, it is possible for overlap (or complete coverage) of a stable 
solid phase throughout the solder joint. With complete coverage of the uniphase layer 
between powder particles, voiding can also be severely reduced. 
The authors hypothesize that there could be a possible peak in the maximum diffusion 
at the stoichiometric value of the expected intermetallic compound (Cu,Ni)6Sn5. In past 
research and in literature, the intermetallic compound found and desired often is 
Cu5.5Ni0.5Sn5. The stoichiometric values of Cu to Ni in Cu5.5Ni0.5Sn5 are 91.6:8.4. Therefore, 
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it is possible the maximum diffusion could occur when the substrate alloy is 91.6Cu-8.4Ni, 
at. %, despite the results seen by Vuorinen et al.  
The continuation of this paper will focus on expanding the plot area seen around the 
stoichiometric value in Figure 1, in order to “zoom in” on the area of the chart that may 
contain the maximum value for the “uniphase layer”. The paper will also explore the 
difference seen in the intermetallic layers when the liquid used in the liquid/solid diffusion 
couple is SN100C, rather than pure Sn, as used in Vuorinen’s research [2]. 
Experimental Procedure 
For this research, Cu-Ni substrate alloys with the following Ni contents were 
prepared by arc-melting pure (99.99%) copper and nickel metals: 6.7, 8.4, and 9.1 (at. %). 
These alloys are chosen in contrast to the Cu-Ni alloys used by Vuorinen et al., containing 
2.5, 5, 7.5, 10, 12.5, 15, 25, 37.5, 50, and 75 at. % Ni. These alloys were chosen to fill in the 
gaps around the stoichiometric value of 91.6Cu:8.4Ni in the intermetallic compound likely to 
grow at the interface. 
 
 
Figure 5. Experimental set-up of the clamped Cu-Ni substrate on an open-air hot plate for 
heating to 240°C for 10 minutes. 
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The chosen arc-melted alloy buttons were pressed to a thickness of 5 mm. 
Subsequently, the buttons were sliced and polished into relatively similar geometries 
(approximately 2 cm by 1 cm).  The surfaces were ground and polished to 1200 grit for a flat 
surface. The clean surfaces were then fluxed using a Johnson flux at room temperature. 
Using a mechanical clamp to attach a thermocouple for temperature monitoring, the fluxed 
alloy substrates were heated to 240°C on an open-air hot plate, as can be seen in Figure 5. 
The reaction couple experiments were then conducted by applying a small amount of solid, 
high-purity (99.99%) Sn to the surface of the Cu-Ni substrate alloys which had previously 
been fluxed.  The solder was then allowed to sit on the surface of the substrates for 10 
minutes at 240°C. The samples were cooled by immediately placing them on a copper block.  
The samples were mounted in epoxy with hardener and polished to a 0.5-micron 
diamond finish. After standard metallographic preparation, the cross sections of the 
liquid/solid reaction couples were examined with optical microscopy and a scanning electron 
microscopy (SEM)/energy-dispersive spectroscopy (EDS) technique. 
The entire procedure was also completed a second time using the Sn alloy SN100C, 
instead of using pure Sn as the liquid-half of the diffusion couple. The analysis was 
completed in the same way as for the previous experiment. 
The experiment was repeated three times for each alloy, and quantitative 
metallography was used on ten images of each sample using Image J software to determine 
the average thickness of the intermetallic compounds that had grown at the interface of the 
diffusion couple samples. The results were compared to that of Vuorinen’s literature 
research, seen in Figure 1. 
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Results 
The images shown in Figures 6-8 show the average results found for each of the three 
alloys tested with pure Sn. The graph from Figure 1, recreated to include the results found in 
this research, can be seen in Figure 9.  
The results plotted in Figure 9 suggest the maximum diffusion thickness still lies at 5 
at. % Ni. No maximum occurs at the stoichiometric value of 8.4 at. % Ni, as hypothesized. 
Further experiments to find the ideal composition using pure Sn will be required.  
The images shown in Figures 10-12 show the average results found for each of the 
three alloys tested with the Sn alloy, SN100C. The results of the two-phase thickness have 
been omitted due such a great deviation in values from the literature. Figure 13 shows a 
comparison of the results for each of the Cu-Ni alloy substrates with SN100C and with pure 
Sn.  
 
 
Figure 6. 93.3Cu-6.7Ni/Sn (at.%) diffusion couple annealed at 240°C for 10 minutes. 
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Figure 7. 91.6Cu-8.4Ni/Sn (at.%) diffusion couple annealed at 240°C for 10 minutes. 
 
 
Figure 8. 90.9Cu-9.1Ni/Sn (at.%) diffusion couple annealed at 240°C for 10 minutes. 
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Figure 9. Overlay of our results for the “uniphase layer” thicknesses versus the percentage 
of Ni present in each Cu-Ni alloy substrate over that of Vuorinen’s [2]. Pure Sn is shown in 
blue and the SN100C alloy is shown in orange, both with error bars of 1 standard deviation 
from the mean. 
 
 
Figure 10. 93.3Cu-6.7Ni/SN100C (at.%) diffusion couple annealed at 240°C for 10 minutes. 
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Figure 11. 91.6Cu-8.4Ni/SN100C (at.%) diffusion couple annealed at 240°C for 10 minutes. 
 
 
Figure 12. 90.9Cu-9.1Ni /SN100C (at.%) diffusion couple annealed at 240°C for 10 minutes. 
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Figure 13. Comparison of the results for each Cu-Ni alloy tested for both SN100C and the 
pure Sn. 
 
By looking at Figure 13, a slight trend can be seen that points to SN100C allowing for 
more diffusion than does pure Sn. It is a small increase with a large error, but nevertheless 
could make a difference in the thickness of the intermetallic layer formed.  
The average EDS results of the uniphase layers formed for each set of substrate alloys 
can be seen in Figure 14. The blue lines are the Ni content, the orange lines are the Cu 
content, and the gray lines are the Sn content. The value set on the far right of the graph 
represents the typical composition found for the intermetallic compound. The values are as 
expected and as seen in previous research. There does not seem to be a trend in the difference 
in composition based on whether SN100C or pure Sn was used in the experiment. 
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Figure 14. Average EDS values for each set of samples, representing the compositions of the 
“uniphase layer”, in atomic percent. The preferred composition is represented on the far 
right in the figure. 
 
Discussion 
Figure 13 shows a slight trend in that it increases the amount of “uniphase” layer 
thickness attached to the substrate. This can be explained through kinetics. The thickness of 
the intermetallic layer depends on the dissolution rate of Cu and Ni into the liquid along with 
the local metastable solubility of Cu and Ni into the liquid [2]. These values determine the 
driving force for intermetallic formation and the mobility of Cu and Ni within the liquid 
[2,3]. As the layer begins to form on the surface of the substrate, it isothermally solidifies 
because the melting temperature of (Cu,Ni)6Sn5 is around 525°C [1,5], much higher than the 
240°C at which the reaction is occurring. The Cu and Ni then have a barrier for diffusion. 
Due to this barrier now causing very slow diffusion of the Cu and Ni into the liquid, the 
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increasing thickness of the intermetallic layer is dependent on the available Cu and Ni atoms 
in the liquid solder [2,3,4]. Since the SN100C alloy contains 0.7 wt.% Cu and 0.05 wt.% Ni, 
the samples that used this solder instead of pure Sn were able to provide extra Cu and Ni 
atoms to the growth front of the uniphase layer, allowing for further formation of this layer 
than when only pure Sn was used [2,3]. Thus, it could be said that SN100C improves the 
diffusion rate of the intermetallic compound layer for this experiment. 
Few studies have been completed on the diffusion-controlled interaction between Cu-
Ni alloys and Sn or Sn alloys [3]. So far, research has agreed that the addition of 5 at.% or 
more prevents the formation (Cu,Ni)3Sn, and the growth of (Cu,Ni)6Sn5 is dominated by 
grain boundary diffusion of Sn [2,3,4]. We also know the diffusion behavior of Cu and Ni 
atoms changes based on the amount of Cu and/or Ni available [2,3]. Baheti et al. calculated 
and plotted the integrated diffusion coefficients of four Cu-Ni alloy substrates in pure Sn 
alongside that of pure Cu (Figure 15), and determined that the integrated diffusion coefficient 
increases with Ni content and with temperature, at least up to 7.5 at.% Ni [3]. This 
corresponds to Vuorinen’s “two-phase” layer data, but does not correspond to his “uniphase” 
layer data, in which a maximum diffusion occurs at 5 at.% Ni.  
Baheti et al. explains that there are similar cases in which thermodynamics has a 
difficult task in deciphering the relationship between diffusion and composition, and that 
sometimes grain morphology or defects in the lattice structure have a bigger effect on this 
relationship than does thermodynamics [3]. In this case, they point out the major grain 
refinement caused by the addition of Ni, and that higher grain boundary area leads to more 
conduits for grain boundary diffusion, which is believed to be the leading form of diffusion 
for (Cu,Ni)6Sn5 [2,3,4]. 
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While Vuorinen maintains the maximum is 3 micrometers at 5 at.%, there are no 
images of this alloy interface for comparison to our work [2]. Wierzbicka et al., however, 
provides an image of the interface of their sample of (Cu-5at.%Ni)/Sn/(Cu-5at.%Ni), and 
after the same analysis given to our images, the “uniphase” layer has an average of about 2 
micrometers [4]. With no logical explanation so far for a maximum diffusion at 5 at.%, we 
will require further research to determine the maximum “uniphase” layer possible by Ni 
content variation for selection of the Cu-Ni powder composition for our composite solder 
paste. 
 
 
Figure 15. Results from work by Baheti et al. that show the calculated interdiffusion 
coefficients of Sn through the intermetallic layer as a function of Ni content [3]. 
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In 2012, Nogita et al. completed research to verify the composition found for 
(Cu,Ni)6Sn5. He determined there are four possible stoichiometric values: Cu5.5Ni0.5Sn5, 
Cu5Ni1Sn5, Cu4.5Ni1.5Sn5, and Cu4Ni2Sn5 [8]. The compositions for each of these 
intermetallic compounds are seen in Table 1. The Cu:Ni ratios from the results shown in 
Figure 14 are 6.7 at.% Ni + SN100C at 89.5:10.5, 6.7 at.% Ni + Sn at 88.2:11.8, 8.4 at.% Ni 
+ SN100C at 71.7:28.3, 8.4 at.% Ni + Sn at 81.1:18.9, 9.1 at.% + SN100C at 85.7:14.3, and 
9.1 at.% Ni + Sn at 76.7:23.3. These ratios show that we cannot be certain that we are 
forming Cu5.5Ni0.5Sn5. All we can say for certain is that it forms (Cu,Ni)6Sn5, since the ratio 
of Cu+Ni:Sn in each case falls near this stoichiometry. The reason for this uncertainty may 
be due to the significant error found in the EDS data (the standard deviations ranged from 0.2 
to 7.1 at.%). In addition, the occurrence of complete equilibrium within solder phases is rare 
in such short term experiments, and usually only metastable compounds of this type may 
form [2,3]. 
 
Table 1. Possible variations of the (Cu,Ni)6Sn5 phase in work by Nogita et al. [8]. 
 
 
In Vuorinen’s work, the Cu to Ni ratio of the intermetallic compound formed at the 
interface stayed close to that of the substrate alloy used [2]. From the ratios listed in the 
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preceding paragraph and Table 1, it can be stated that this was not true of our research. 
However, from the results found by Vuorinen et al. and the results found here, is justified to 
say that the thickness of the “uniphase” layer is strongly dependent on the composition of the 
Cu-Ni alloy.  
Conclusion 
In general, this research concludes that there does not seem to be a local maximum at 
the stoichiometric Cu:Ni ratio seen for Cu5.5Ni0.5Sn5 or any of the other supposed (Cu,Ni)6Sn5 
phases, as hypothesized. Also, the use of Cu- and Ni-containing Sn alloys such as SN100C 
seem to increase the thickness of the “uniphase” layer of interest. EDS results provide 
verification that the “uniphase” layer is (Cu,Ni)6Sn5, but does not provide any conclusion to 
an exact ternary phase. Due to a lack of explanation so far as to why a maximum diffusion 
occurs in Vuorinen’s research at 5 at.%, further research will be required before 
determination of the Ni content to be used in the Cu-Ni powders of Ames Lab’s Cu-
Ni/SN100C composite solder paste for use at high temperatures.  
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CHAPTER 8.    MAXIMIZATION OF CU-NI DIFFUSION INTO LIQUID SN FOR 
DETERMINATION OF IDEAL COMPOSITE PASTE COMPOSITION 
Introduction 
The conference proceedings paper (Choquette et al. Pan-Pac2018) of Chapter 7 
explored the results of Cu and Ni diffusion into liquid Sn for the Cu-Ni alloy with at.% Ni 
values of 6.7, 8.4, and 9.1, which was represented in these experiments as a flat substrate, but 
is being used in our composite as a “filler” powder component. This chapter will further 
expand upon the work of Vuorinen [1-3], Baheti [4], Yu [5], Laurila [6], Paul [7], and 
Wierzbicka-Miernik [8-9] by studying the Ni concentration area that includes 5 at.% Ni, 
around which several of those authors reported a maximum “uniphase” layer thickness. Since 
the neighboring alloys studied in these papers were Cu-2.5 at.% Ni on the Ni-poor side and 
7.5 at.% Ni on the Ni-rich side, additional Ni-contents of 4.0, 4.5, 5.0, and 5.5 at.% were 
studied in this chapter in order to determine any local maximum in this range. 
Determining the alloy that, essentially, maximizes the “halo” expansion of the highly 
desirable (Cu,Ni)6Sn5  “uniphase” IMC layer for this system is extremely important for 
formulating the Cu-Ni “filler” powder composition of our ideal composite solder paste. 
Correct determination of the alloy that provides the maximum radial growth distance could 
eliminate (or minimize and isolate) the fine, two-phase (Sn + Cu6Sn5) areas that can embrittle 
portions of the resulting solder joint seen between uniphase “halos” around the remaining 
Cu-10.7 at.% Ni powders in Figure 1. In a final paste formulation, the larger (dark) pores of 
Figure 1 (shown filled with epoxy), which likely result from trapped flux or solvent, will also 
be addressed. 
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Figure 1. The microstructure of trial paste containing 34 vol.% Cu-10.7at.% Ni (dia. 75-150 
µm) + 66 vol.% Type 4 SN100C. 
 
 
Experimental Procedure 
For this research, Cu-Ni substrate alloys with the following Ni-contents were 
prepared: 96.29 wt.% Cu + 3.71 wt.% Ni (96.0 at. % Cu + 4.0 at. % Ni),  
95.83 wt.% Cu + 4.17 wt.% Ni (95.5 at. % Cu + 4.5 at. % Ni),  
95.36 wt.% Cu + 4.64 wt.% Ni (95.0 at. % Cu + 5.0 at. % Ni),  
and 94.90 wt.% Cu + 5.10 wt.% Ni (94.5 at. % Cu + 5.5 at. % Ni).  
Pure (99.99%) copper (bars) and nickel (sheet) were melted and homogenized in quartz tubes 
under partial vacuum (backfilled with He) at 1250°C for 60 minutes with agitation every 10 
minutes, followed by a water quench. The alloy samples were cold-rolled to a thickness of 
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0.5 mm, then vacuum-annealed at 700°C for 8 hours, followed by a furnace cool. The 
surfaces were ground and polished (to 2,000 grit SiC) for a flat, smooth surface and cut into 5 
x 25 mm strips.  
Initial solid-liquid diffusion couple experiments were carried out using pure (99.99%) 
Sn or SN100C (Sn-0.7Cu-0.05Ni, wt.%) for each of the Cu-Ni alloys by immersing the Cu-
Ni strips into 25-gram liquid baths of the pure Sn or SN100C, contained in a glass beaker, for 
10 minutes at 240°C. This type of experiment was meant to mimic the methods of the 
previous work [1-3], but this method was re-assessed for accuracy and relevance in our study 
and an alternative method was performed for more extensive study. Thus, the immersion 
experiments were augmented by placing small segments of pure Sn, SN100C, or Sn-0.7Cu-
0.06Ni, wt.%, to melt on cleaned and fluxed surfaces of each Cu-Ni alloy strip.  The third Sn-
based alloy was selected to more closely match the precise Cu/Ni ratio that was thought to be 
needed for growth of (Cu,Ni)6Sn5. Each resulting droplet was held for 10 minutes at 240°C ± 
3°C in air. In both cases, the samples were cooled at about 1°C/s by placing them on a room 
temperature copper block. Figure 2 shows the two experimental setups. Each experiment was 
performed twice for each alloy to prepare repeat samples.  
The resulting samples were mounted in 2-part epoxy and polished in oil to a 1µm 
diamond finish. The samples were etched using a 4 wt.% hydrochloric acid solution in 
methanol to remove residual Sn. The cross sections of the solid-liquid reaction couples were 
then examined with a scanning electron microscope (SEM). Quantitative metallography 
(with Image J software) was used to analyze ten images of each sample to determine the 
average thickness of the intermetallic compounds that had grown at the Cu-Ni alloy 
interfaces of these diffusion couple samples. 
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Figure 2. Experimental set-up shown for a Cu-Ni strip immersed in a molten bath 
(immersion test, left) and for a solder (or Sn) segment melted on a clamped Cu-Ni strip that 
was heated on a hot plate (droplet test, right). Both were held at 240°C for 10 minutes. 
 
The width of the grains (or grain size, assuming equi-axed grains) in the uniphase 
intermetallic compound at the interface was also determined for comparison to the samples’ 
uniphase thickness. For samples containing 4.5, 5.5, 6.7, and 8.4 at. % Ni, the area of interest 
was coated with a protective layer of carbon using an ion beam. Inside the high vacuum 
environment of a FIB-equipped SEM, a trench was milled for re-deposition mitigation at 
52°/0° (by electron beam/ion beam), followed by cross-sectioning at a tilt of -10°/-62° and 
imaging at a tilt of 28°/-34°. The average grain intercept method was used for determining 
the grain size from the SEM images of the resulting crystallographically-textured 
microstructure. 
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Results 
Figure 3 shows an example of the resulting microstructure (heavily etched) for the 
combinations of each of the 4 Cu-Ni alloys with pure Sn and SN100C for the immersion 
experiment. This procedure was used in an attempt to match the results seen by Vuorinen 
[1,2], since this was a similar procedure to that carried out in his research.  
As a way to better imitate the process that a solder joint on a printed circuit board 
would experience, i.e., duplicating the effect that Cu-Ni (filler powder) dissolution would 
have on the solder alloy (or pure Sn) in the form of a composite solder paste, the second 
experiment of melting small solder segments on a flat (heated) substrate was conducted. 
Figure 4 shows the results of SEM microstructure analysis for heavily etched samples for the 
droplet experiment using the 4 Cu-Ni alloys with Sn, SN100C, and Sn-0.7Cu-0.06Ni.  
Figures 5 and 6 show the results of the measurements of the thicknesses of the 
uniphase layers for each case, with Figure 5 corresponding to Figure 3 and Figure 6 
corresponding to Figure 4. Despite having high standard deviations, with the immersion test, 
5 at. % Ni added to Cu seems to allow the most uniphase layer growth and SN100C seems to 
allow more growth than pure Sn. With the droplet test, 5.5 at. % Ni seems to allow the most 
growth, and there is not a large enough distinction to determine which liquid allowed the 
most diffusion. It is interesting to note the difference seen in the microstructural results for 
pure Sn between the immersion test and the droplet test. In the immersion test of Figure 3, 
much less secondary diffusion has occurred than in the droplet test, resulting in a very thin 
“two-phase” layer. An insignificant difference was seen between the use of SN100C and  
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Figure 3. A microstructure matrix of resulting immersion test microstructures, heavily etched 
(removing Sn) to see the “uniphase” layers for each solid-liquid diffusion couple 
combination of Cu-Ni alloys with Sn or SN100C liquid 
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Figure 4. A microstructure matrix of resulting droplet test microstructures, heavily etched 
(removing Sn) to see the “uniphase” layers for each solid-liquid diffusion couple 
combination of Cu-Ni alloys with Sn, SN100C, and Sn-0.7Cu-0.06Ni liquid. Cu-6.7(at. %) Ni 
images have been added as a comparison from Chapter 7. 
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Figure 5. Box and whisker plots of the resulting uniphase thickness measurements from the 
immersion experiment. 
 
 
 
Figure 6. Box and whisker plots of the resulting uniphase thickness measurements from the 
droplet experiment 
 
Sn-0.7Cu-0.06Ni, most likely because the change in Ni content from 0.05 at. % Ni in 
the SN100C to 0.06 at.% Ni in the modified alloy was too small to be able to make a 
noticeable difference with the measuring capability available. 
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In Figure 7, the samples studied in Chapter 7 were reexamined and measured using 
the etchant technique used in this research. In addition, another cold-rolled strip sample was 
added with the Ni content of 10.7 at. %, matching that of the previous powders. These 
samples helped give an idea of how these samples compare to the 4 alloys studied in this 
chapter and with the powder composition (10.0 wt.%Ni) that had previously been used for 
the initial version of this composite solder paste. The results shown in Figure 7 match well 
with the results seen for that of Vuorinen [1-3] and Baheti [4], but it is pretty clear that there 
is a local maximum at 5.5 at. % Ni instead of at the 5 at. % Ni that they reported (based on 
less composition resolution). The drop-off in diffusion apparent in Figure 7 after 5.5 at. % Ni 
also matches the drop-off seen by these researchers at 5 at. % Ni.  
 
 
Figure 7. The uniphase thickness results for the 4 alloys with SN100C compared to the 3 
results from the previous chapter’s droplet experiments and with an additional sample using 
Cu-10.7at. % Ni. 
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Figure 8 shows a comparison between the average uniphase thickness and the average 
grain width for Cu-Ni alloys containing 4.5, 5.5, 6.7, and 8.4 at.%. It can be seen from this 
graph that the maximum uniphase thickness corresponds to the minimum grain width. 
Figures 9-12 show the grain microstructure for each of the measured samples, along with a 
line scan of the gradient in Ni content across the uniphase thickness layer, where the 
horizontal yellow line indicates the area scanned. 
  
 
Figure 8. Comparison of uniphase thickness and average grain width for 4 Cu-Ni alloys with 
SN100C. 
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Figure 9. Comparison of the gradient in Ni content across the uniphase thickness (top) with 
the grain size of the uniphase layer of another region of the same sample after ion beam 
milling (bottom) for the Cu-Ni alloy containing 4.5 at.% Ni with SN100C. 
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Figure 10. Figure 9. Comparison of the gradient in Ni content across the uniphase thickness 
(top) with the grain size of the uniphase layer of another region of the same sample after ion 
beam milling (bottom) for the Cu-Ni alloy containing 5.5 at.% Ni with SN100C. 
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Figure 11. Figure 9. Comparison of the gradient in Ni content across the uniphase thickness 
(top) with the grain size of the uniphase layer of another region of the same sample after ion 
beam milling (bottom) for the Cu-Ni alloy containing 6.7 at.% Ni with SN100C. 
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Figure 12. Figure 9. Comparison of the gradient in Ni content across the uniphase thickness 
(top) with the grain size of the uniphase layer of another region of the same sample after ion 
beam milling (bottom) for the Cu-Ni alloy containing 8.4 at.% Ni with SN100C. 
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Discussion 
Growth Effects of Cu-Ni into Liquid Sn 
From the results of these experiments (see Figure 7) and from the research of 
Vuorinen and Baheti et. al [1-9], it is pretty clear that the composition of the powders used in 
the Ames Lab composite solder paste should be modified to have the composition of 94.5 at. 
% (94.9 wt. %) Cu with a 5.5 at. % (5.1 wt. %) Ni addition instead of the previously used 
10.7 at. % (10 wt. %) Ni addition. This modification to the powder composition seems likely 
to increase the amount of “uniphase” halo growth in order to minimize continuous 
connections in the joint microstructure between residual two-phase Sn + Cu6Sn5 and possible 
micro-voiding between diffusion growth halos (Figure 1) in an improved version of our 
composite solder paste.   
During soldering, there are three consecutive stages of the diffusion process. First, 
upon contact between the molten solder and the conductor metal (substrate or filler powder), 
dissolution of the conductor into the liquid solder occurs at a rapid pace, depending on the 
amount of Cu and Ni in the liquid solder. Next, supersaturation at the solid/liquid interface 
causes a chemical reaction (nucleation) and initial formation of the intermetallic compound 
to occur. Finally, isothermal solidification and growth of the intermetallic compound that 
consumes the residual solder occurs to form the final solder microstructure [2]. In the 
immersion test of Figure 3 using pure tin, much less secondary diffusion has occurred than in 
the droplet test or when an alloy is used as the liquid, resulting in a very thin “two-phase” 
layer. This lack in the “two-phase” layer is most likely due to a larger diffusion gradient than 
in the droplet test, since a larger amount of liquid is available. Thus, there is more of a 
driving force for the Cu and Ni that has been dissolved from the substrate to move out into 
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the liquid during the dissolution stage of the soldering, rather than creating a thick “two-
phase” layer adjacent to the “uniphase” layer. 
The reason this lack of “two-phase” layer is not observed when SN100C or Sn-0.7Cu-
0.06Ni is used in the same situation is due to the amount of Cu and Ni that is already 
dissolved before the dissolution stage, which causes a smaller diffusion gradient for the Cu 
and Ni to move into the bulk liquid. Note that the diffusion being discussed in this case is for 
the dissolution of the Cu-Ni substrate into the liquid and not the solid-state diffusion 
occurring after the intermetallic compound has started to form [1-4].  
The reason behind the steep decrease in intermetallic compound growth and diffusion 
with Cu-Ni alloys containing more than 5.5 at.% Ni has been investigated in several cases, 
but is still ambiguous [1-7]. In typical binary systems, the amount of intermetallic compound 
that forms at the solid/liquid interface is dependent on the rate of dissolution of the conductor 
metal, which is proportional to its solubility into liquid Sn [2,10,11]. From this, one would 
assume that 5.5 at.% Ni creates the maximum dissolution into the liquid Sn. However, 
according to the work done by Vuorinen et. al. [2], the addition of any amount of Ni to Cu 
reduces its stable and metastable solubilities in liquid Sn, despite Ni increasing the amount of 
IMC formation.  
Figure 13 is an adaption of an image from Vuorinen et el. [1,2] that shows the Sn-rich 
corner of the Sn-Cu-Ni metastable phase diagram at 240°C. For soldering, metastable 
versions of the phase diagrams are often used for phase predictions due to the short time 
available for equilibration during reflow. The contact line for 94.5Cu5.5Ni has been added 
for the purposes of this paper. The curved dashed line in the diagram is the calculated 
metastable solubility for Cu-Ni alloys in liquid Sn [1,2]. These solubility values determine 
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the driving force for the diffusion of Cu and Ni into Sn. As can be seen, the metastable 
solubility value for Cu decreases with an increase in Ni-content. The values for the Cu alloy 
containing 5.5 at. % Ni are 1.94 at. % Cu and 0.11 at. % Ni. Once the liquid at the 
solid/liquid interface reaches these Cu and Ni concentrations, (Cu,Ni)6Sn5 should 
theoretically begin to nucleate on the surface of the solid Cu-5.5Ni [1,2].  
 
 
Figure 13. Tin-rich corner of Sn-Cu-Ni metastable phase diagram at 240°C, adapted from 
Vuorinen et al. to include the contact line for 94.5Cu5.5Ni. 
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Figure 14 shows an energy dispersive spectroscopy (EDS) line scan that extends from 
the far side of one Cu-10wt.%Ni powder particle to the far side of another, crossing through 
their (Cu,Ni)6Sn5 diffusion halos or uniphase layers. The data shown in the graph was 
measured as counts per second (cps), which is a qualitative measurement of the number of X-
rays received and processed by the detector for each point along the measured line [12]. 
Although the contact line for 89.3Cu-10.7Ni is not included in Figure 13, its values for the 
metastable solubilities of Cu and Ni are 1.5 at.% and 0.18 at.%, respectively. The decrease in 
Ni content (shown in red in Figure 14) to the point of leveling-out is typical of what has is 
seen (in cps values) for powder-to-powder line scans. The EDS data at that level depends 
upon the distance apart that the powder particles are spaced. As long as the halos are still 
overlapping, the concentration of Ni never drops below its metastable solubility value, as 
expected, but does tend to approach it. 
 
Baheti et al. [4] investigated the diffusion-controlled growth of the intermetallic phase 
and found that the integrated interdiffusion coefficient, and thus driving force, for the 
diffusion of Sn through Cu6Sn5 increased continuously with an increase in Ni content, but 
this did not explain a drop-off in diffusion at any point with an increasing Ni concentration. 
Ohriner proposed that the addition of nickel might have important effects on the 
concentration of structural vacancies in (Cu,Ni)6Sn5, but was unable to verify his hypothesis 
[13]. It could be possible that the continuous increase in diffusion (in this case presumed to 
be substitutional or interstitial) is due to an increase in lattice defects with an increase in Ni 
being added to the Cu6Sn5 crystal structure. In (Cu,Ni)6Sn5, with a Ni concentration increase 
from 4.58 at. % to 7.36 at. %, Nogita et al. reported a unit cell volume decrease of about 0.3 
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cubic angstroms [14]. Perhaps this incremental decrease in volume with increasing Ni is 
enough to hinder continued growth of the phase. Therefore, it may be beneficial to 
investigate the change in defect concentration due of the addition of Ni in the Sn-Cu system 
in order to better understand the growth mechanisms involved in the Sn-Cu-Ni system.  
 
 
 
Figure 14: Line scan extending between two Cu-10 wt.% Ni powders and their connected 
diffusion halos after selective etching to remove residual Sn. Note that the boundaries of 
each Cu-10 wt.% Ni powder particle are indicated on the EDS linear scan trace by a sharp 
drop in Sn content. 
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Fortunately, an alternative explanation does account for a change in the diffusion and 
growth behavior observed in this study.  In his thesis, Paul [7] noticed a refinement 
(compared to the Cu6Sn5 IMC without Ni) in the grain size with 5 at.% Ni, which could 
contribute to an increase in grain-boundary diffusion and thus phase growth, but he didn’t 
compare grain size refinement with more than one Ni-containing IMC structure. Figures 8-12 
show the results of grain size measurement for the current work for the Cu-Ni samples 
containing 4.5, 5.5, 6.7, and 8.4 at.% Ni. The trend seen in Figure 8 for the width of the 
grains counters closely to the trend for the uniphase thickness, i.e. the minimum grain size 
corresponds to the maximum uniphase thickness. This could be expected since a decrease in 
grain size would correspond to an increase in grain boundary surface area, and thus, 
enhanced availability for grain boundary diffusion to form more of the intermetallic layer 
faster. This is an important validation of the observation made by Paul [7] and confirms our 
discovery that the grain boundary diffusion mechanism is maximized in a SN100C system 
using Cu-Ni with 5.5 at.% Ni. 
An interesting point to note from Figures 9-12 is that as the distance from the 
substrate increases, the amount of Ni in the intermetallic compound decreases. As the Ni 
decreases, the grain size increases as well. It could be argued that this decrease seems to be 
minimized in the sample containing 5.5 at.% Ni, which could mean a more uniform grain 
size throughout the uniphase layer. 
Powder Size Effects of Diffusion 
Along with the modification of Cu-Ni powder composition determined in this 
chapter, the diffusion effect of the size of the powders was also investigated. It has been 
observed from past experiments using combinations of differing powder sizes (Chapter 6), 
that smaller powders help create a much more disperse and uniform growth of the 
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intermetallic compound (Figure 15). In practice, distributed diffusion centers allow more 
diffusion to occur than without, and not only because of the increase in surface area for liquid 
dissolution of the solid. This increased diffusion can be observed by comparing spherulitic 
growth to that of planar growth on a flat substrate. The Mullins-Sekerka instability theory 
dictates that planar growth eventually becomes unstable and breaks into more complicated 
patterns, such as dendrites [15]. For solder, this behavior typically results in intermetallic 
scallops at the solder interface. Growth fronts on curved surfaces tend to be much more 
natural [15] and smooth in curvature. Therefore, one could presume that the use of spherical 
powders that are dispersed in a composite solder paste would help maximize diffusion-based 
IMC layer growth throughout the solder joint, as observed in the lower right of Figure 15.  
 
 
Figure 15. A matrix of the microstructures resulting from paste composites consisting of 
varying size powders within the composite solder paste. 
 
178 
Figure 16 shows a comparison of uniphase thicknesses for past experiments using Cu-
10 wt.% Ni with SN100C using varying powder sizes and also comparing them to the 
intermetallic phase growth for a flat surface. As seen in Figure 16, the powders have larger 
uniphase thicknesses on average than the flat sample, and the smaller powders had larger 
uniphase thicknesses than their relatively larger counterparts.  
  
 
 
Figure 16. The uniphase thickness results for 3 types of powder size combinations plus a flat 
substrate of Cu-10.7at.% Ni with SN100C. From left to right the reflow profiles were 60 s at 
250°C, 60 s at 250°C, 30 s at 250°C, and 60 s at 330°C. 
 
 
Figure 17 shows the theoretical difference in diffusion that the use of smaller powders 
can have on the solder joint microstructure in terms of uniphase layer impingement. In each 
case shown in Figure 17, the calculations use area percent as a 2D representation of the 34 
volume percent of the 3-µm uniphase layer growth of Cu-5Ni in Sn, as reported in 
Vuorinen’s research [1,2] and shown in Chapter 7 of this thesis. When the size of the 
powders is reduced from an average of 10 µm to an average of 7.5 µm, the theoretical 
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coverage of the uniphase area of the intermetallic compound increases from 89.3% to 111% 
and all of the diffusion halos would be overlapping and would isolate all of the regions of 
untransformed Sn+Cu6Sn5. For solder powder size classification, an average of 10 µm would 
represent Type 6 powder and an average of 7.5 µm is close to the designation of Type 7 
powder [16]. 
 
 
 
 
Figure 17. The difference in diffusion that the use of smaller powders can have on uniphase 
layer impingement. 
 
 
Conclusion 
In conclusion, the results of these experiments and the research of Vuorinen and 
Baheti et. al. [1-5] have helped determine that a modification to the composition of the 
powders used in the Ames Lab composite solder paste should be made. It has been 
determined that the addition of 5.5 at.% Ni to Cu is more effective than the value of 5 at.% 
Ni previously determined by Vuorinen et. al. Thus, the composite paste powders should have 
the composition of 94.5 at. % (94.9 wt. %) Cu with a 5.5 at. % (5.1 wt. %) Ni addition 
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instead of the previously used 10.7 at. % (10 wt. %) Ni addition. This modification to the 
composition is predicted to increase the amount of “uniphase” level diffusion via grain 
boundaries in order to minimize micro-voiding between diffusion halos.   
In addition, it is hypothesized that the use of a Type 7 (average diameter ~7.5 µm) 
Cu-Ni powder size will aid in the dispersion and thus complete diffusion of the Cu-Ni 
powder particles throughout the composite solder paste joint. 
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CHAPTER 9.    DETERMINATION OF IDEAL REFLOW PROFILE CONDITIONS 
FOR A CU-NI/SN ALLOY COMPOSITE SOLDER PASTE BY STATISTICAL 
DESIGN OF EXPERIMENTS 
Introduction 
A solder’s reflow profile has a large effect on how a solder joint preforms, both 
electrically and mechanically. The reflow profile influences the wetting characteristics of the 
paste particles with each other and with the substrate and also determines the formation and 
diffusion of its intermetallic compounds [1,2]. Therefore, finding the best reflow parameters 
specific to a certain solder or type of solder is required for evaluating its end usability.  
There are four common stages to any reflow profile: pre-heat, activation, reflow, and 
cooling [3]. The pre-heat stage consists of the initial ramp in temperature from ambient. The 
relevant variable to the pre-heat stage is the ramp-up rate. This variable determines the 
amount of initial flux volatilization, which can be a factor in whether enough flux is available 
at the peak reflow temperatures for complete oxidation removal [3,4]. If low enough, this rate 
can also aid in initial diffusion in the form of solid-state diffusion. Ramp-up rates between 
0.5°C/s and 2.0°C/s are typical in industry [3,4,5].  Too slow of a ramp rate can cause a 
phenomena called “graping”, in which the flux is pulled by gravity to the bottom of the joint, 
causing a lack of coalescence at the top of the joint [3,4,5]. Too fast of a ramp rate can cause 
“slump” (solder spreading at the risk of short circuiting) or solder splatter [3,4].  
The activation stage is the time during the heating profile in which the flux is first 
activated to remove oxidation of both the powder particles within the paste and on the 
surface of the substrates [3,4,5]. This stage can sometimes include a temperature hold or 
“soak”. For certain solder and applications, the soak can be critical to reducing voiding, 
especially in composite pastes. In these cases, the soak can assist in volatizing flux 
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constituents before any melting occurs which can cause entrapment of flux volatiles between 
non-melting filler particles. This entrapment can cause large voids in the resulting solder 
joint. In large joints, a soak can also help lower the thermal gradient throughout the assembly 
to form uniform joint microstructures [3,4,5]. However, in other cases, a soak can be a major 
source of graping, especially when a slow ramp rate is used [3,4,5].  
During the reflow stage of the heating profile, the solder (or constituents of the solder 
paste) melt and begin forming bonding intermetallic compounds and a complete joint. The 
factors represented in this stage are the peak temperature and the peak hold time. The peak 
temperature is important for diffusion and flux volatilization [3,4,5]. Hotter temperatures are 
more efficient at driving out volatiles that can become trapped to create voids [6]. However, 
this can also slow the flow of the flux by removing the solvent at a faster rate and causing 
unnecessary heat to reach the board assembly, resulting in higher thermal expansion 
mismatch defects upon cooling [3]. The time held at the peak temperature also plays a role. 
These two variables need to be balanced to provide the desired amount of diffusion with the 
minimum heat loss to the board. For lead-free soldering, the peak temperature usually ranges 
between 235-250°C, and the peak hold time in industry usually ranges between 30-90 
seconds [3,4]. 
The final stage of the reflow profile is the cooling and solidification of the joint.  The 
ramp-down rate can effect both diffusion and grain size [3]. If more diffusion is desired, a 
slower ramp-down rate will help. A fast ramp-down rate will aid in creating a finer grain 
size, which results in a stronger bond [3]. However, cooling too fast can create joint 
separation from the substrate due to thermal expansion mismatch. A typical cooling rate can 
range from 0.5-4°C/s [3]. Finding the best reflow profile for a solder can be a challenge, and 
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requires careful consideration of every aspect of the reflow process to achieve the desired 
results. 
Experimental Procedure 
In order to determine the ideal reflow profile for the use of the Ames Lab’s composite 
paste in industry, a statistical design of experiments (DOE) approach was completed to 
determine a reflow profile that provided the best conditions to minimize micro- and macro- 
porosity in the joint and maximize the diffusion of Ni throughout the solder joint. From the 
previous two chapters, the micro-porosity refers to any residual two-phase layer between 
connecting uniphase layer halos and the voids that they may leave behind upon cooling or 
stress fracture. An example of micro-porosity can be seen in Figure 1. Macro-porosity refers 
to the large voids seen in a full joint microstructure cross-section, often caused by out-
gassing of the paste’s flux and solvent before and during reflow [7]. An example of macro-  
 
 
Figure 1. The red circles show an example of micro-porosity seen between adjacent uniphase 
layer diffusion halos. Micro-porosity is one of the dependent variables in this statistical 
design of experiments that aims to be minimized. 
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Figure 2. The black areas within the joint cross-section are all macro-porosity, which this 
statistical design of experiments aims to minimize. 
 
 
porosity can be seen in Figure 2. Maximization of the diffusion of Ni throughout the solder 
joint is characterized by measurement of the uniphase layer thickness (powder diffusion 
halos), discussed in previous chapters. Each of these measurements was made using ImageJ 
software.  
Using all of the results reported so far in this dissertation, a high temperature 
composite solder paste was designed. The design being tested in this chapter consists of 34 
vol. % (38.7 wt.%) Cu-5.1Ni, wt.%, plus 66 vol. % (61.3 wt.%) SN100C. The Cu-5.1Ni is of 
the Type 7 size (average powder size ~ 7.5 micrometers in diameter) and the SN100C is of 
the Type 6 size (5-15 micrometers in diameter). The paste consists of 90% metal content with 
the remaining being solvent vehicle and rosin flux of an unknown variety. The paste was 
hand mixed on a cool glass slide to minimize solvent vaporization by combining the 
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appropriate amount of Cu-5.1Ni powder to pre-mixed SN100C paste and supplemented with 
diethylene glycol mono-n-butyl ether. 
The variables that were tested in the experiment were peak temperature, hold time at 
the peak temperature, rate of heating (ramp-up rate), rate of cooling (ramp-down rate), and 
whether or not there was a 1-minute hold (referred to here as a soak) at the typical 
temperature of 170°C during the ramp to the peak temperature. The ramp-up rate variables 
were chosen so as to maximize Ni diffusion and decrease voiding. The soak values were 
chosen to determine the value of an activation temperature soak. The peak temperature 
values were chosen to prevent a suspect unnecessary chemical reaction on the low end and to 
maximize diffusion on the high end. The peak hold times were chosen as two typical values 
with a comparison to a longer hold time. And finally, the ramp-down rate values were chosen 
so as to maximize Ni diffusion. Table 1 provides the specific values of the variables for 
testing in this research. 
 
Table 1. Experiment matrix of variables to be tested in statistical design of experiments for 
ideal reflow profile of composite solder paste. 
Factors 
Levels 
1 2 3 
Ramp-Up Rate 0.5°C/sec 1°C/sec  
Soak at 170°C 0 sec 60 sec  
Peak Temperature 237°C 250°C  
Peak Hold Time 30 sec 60 sec 480 sec 
Ramp-Down Rate 0.5°C/sec 1°C/sec  
 
 
The experiment was performed in air in a convection reflow oven with heating rate 
control that was adapted from a Black and Decker toaster oven with the temperature-control 
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thermocouple mechanically-attached to the sample. The reflow oven can be seen in Figure 3.  
The parameters of Table 1 were controlled automatically from a computer. The joints were 
made using the double-sided joint technique seen in Figure 4, in which the gap width was set 
by a 150-micrometer-thick stainless steel shim. To cool, the sample rig shown in Figure 4 
was removed from the oven and placed onto a thin steel sheet (~ 1°C/s cooling) or left in the 
oven with the door open (~ 0.5°C/s cooling), according to calibration experiments.  
The experiment was a five-factor mixed level statistical design. By entering the 
variables (factors) and the desired measurements (responses) into JMP software and selecting 
the possible cross interactions and effects, the JMP software determined the minimum 
number of runs for statistical significance was 19. Since completing every combination of the 
variables was impractical in terms of time and material, 20 run combinations for analysis 
were selected randomly by the software so as to remain statistically significant. Table 2 
displays the runs selected by the software.  
 
 
Figure 3. Heating rate controlled convection reflow oven made from a toaster oven. 
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Figure 4. Double-sided joint set-up using stainless steel frame for making the experimental 
joints. Thermocouples were attached at each of the screws. 
 
 
When measuring the responses, micro- and macro- porosity were measured as the 
percentage of porosity out of the whole microstructural image. For macro-porosity, the 
measurements include the entire joint cross-section. For micro-porosity, the measurements 
include the average of 5 images of the fullest microstructural areas found in the joint. When 
measuring uniphase thickness, the average was taken for the halo around each residual Cu-Ni 
powder particle found in 5 images of the fullest microstructural areas found in each joint. In 
the case that no residual Cu-Ni powder particles remained, the value was listed as 20 
micrometers, which is an arbitrary value above the highest uniphase thickness measured. 
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Table 2. Runs randomly chosen by JMP software to be completed for the experiment, sorted 
by their sample identification number. 
Sample 
ID No. 
Peak 
Temperature, °C 
Peak Hold 
Time, s 
Soak 
Time, s 
Ramp Up 
Rate, °C/s 
Ramp Down 
Rate, °C/s 
0335 250 60 0 1 1 
0336 250 480 0 1 0.5 
0337 250 60 60 1 0.5 
0338 250 480 60 1 1 
0339 250 60 60 1 0.5 
0340 250 30 60 1 1 
0341 250 480 0 0.5 1 
0342 250 60 0 0.5 0.5 
0343 250 60 60 0.5 1 
0344 250 480 60 0.5 0.5 
0345 250 60 60 0.5 1 
0346 237 60 0 0.5 1 
0347 237 480 0 0.5 0.5 
0348 237 30 60 0.5 1 
0349 237 60 60 0.5 0.5 
0350 237 480 60 0.5 1 
0351 237 480 0 1 1 
0352 237 60 0 1 0.5 
0353 237 60 60 1 1 
0354 237 480 60 1 0.5 
 
To test the value of the gathered data, asymmetric four-point bend tests (AFPB) were 
completed. AFPB is mechanical test of shear strength that is sometimes used when the 
material to be tested is weak, as in the case of a solder. For the AFPB test, the setup of Figure 
5 was put into compression until the point of shear failure. The shear strength of the solder 
joint is calculated by dividing the maximum shear force load by the area of the joint and 
multiplying by the span distances of the supporting pins [9]. Three tests were completed at 
room temperature, and three tests were completed at 200°C in air. 
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Figure 5. Set-up for an asymmetric four-point bend (AFPB) test for shear strength of the 
composite paste.  
 
Results 
The experimental responses were analyzed using the analysis of variance (ANOVA) 
technique [1,2,8]. This technique requires constant variance of the residual errors. Figure 6 
shows the graph of the residuals for each response item. Each graph needed a transformation 
to make the residual variances more constant with an average around zero. For micro-
porosity, a reciprocal transformation was found appropriate. A square root transformation 
was found appropriate for both uniphase thickness and macro-porosity.  
Figures 7-9 show the effect summaries with their P-values for each of the transformed 
responses. Any P-value less than 0.05 indicated that the listed factor had a statistically 
significant effect with 95 percent confidence [8]. From the effect summaries, it can be seen 
that none of the listed effects had a statistically significant effect on micro-porosity or macro-
porosity.  However, peak hold time, ramp-down rate, soak time, and several of their 
interactions all had statistically significant effects on the uniphase thickness. 
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Figure 6. Plot of residuals versus predicted results for micro-porosity, uniphase thickness, 
and macro-porosity (from top to bottom). 
192 
 
 
Figure 7. Effect summary for 1/(micro-porosity) 
 
 
Figure 8. Effect summary for SQRT(uniphase thickness) 
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Figure 9. Effect summary for SQRT(macro-porosity)  
 
Figures 10-29 show an example microstructure for each of the runs listed in Table 2. 
Figures 30-44 show the results of the average for each of the 20 samples with the test 
parameters listed in Table 2 in the form of box and whisker plots. In addition, the mean is 
shown above the plot for each set of data for comparison.  
 
 
Figure 10. Resulting microstructures for the sample 0335 conditions listed in Table 2. 
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Figure 11. Resulting microstructures for the sample 0336 conditions listed in Table 2. 
 
 
Figure 12. Resulting microstructures for the sample 0337 conditions listed in Table 2. 
 
 
Figure 13. Resulting microstructures for the sample 0338 conditions listed in Table 2. 
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Figure 14. Resulting microstructures for the sample 0339 conditions listed in Table 2. 
 
 
Figure 15. Resulting microstructures for the sample 0340 conditions listed in Table 2. 
 
 
Figure 16. Resulting microstructures for the sample 0341 conditions listed in Table 2. 
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Figure 17. Resulting microstructures for the sample 0342 conditions listed in Table 2. 
 
 
Figure 18. Resulting microstructures for the sample 0343 conditions listed in Table 2. 
 
 
Figure 19. Resulting microstructures for the sample 0344 conditions listed in Table 2. 
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Figure 20. Resulting microstructures for the sample 0345 conditions listed in Table 2. 
 
 
Figure 21. Resulting microstructures for the sample 0346 conditions listed in Table 2. 
 
 
Figure 22. Resulting microstructures for the sample 0347 conditions listed in Table 2. 
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Figure 23. Resulting microstructures for the sample 0348 conditions listed in Table 2. 
 
 
Figure 24. Resulting microstructures for the sample 0349 conditions listed in Table 2. 
 
 
Figure 25. Resulting microstructures for the sample 0350 conditions listed in Table 2. 
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Figure 26. Resulting microstructures for the sample 0351 conditions listed in Table 2. 
 
 
Figure 27. Resulting microstructures for the sample 0352 conditions listed in Table 2. 
 
 
Figure 28. Resulting microstructures for the sample 0353 conditions listed in Table 2. 
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Figure 29. Resulting microstructures for the sample 0354 conditions listed in Table 2. 
 
 
 
Figure 30. Box and whisker plot with the recorded means for the results of the reciprocal of 
the measured micro-porosity for peak temperature. 
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Figure 31. Box and whisker plot with the recorded means for the results of the reciprocal of 
the measured micro-porosity for peak hold time. 
 
 
Figure 32. Box and whisker plot with the recorded means for the results of the reciprocal of 
the measured micro-porosity for soak time. 
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Figure 33. Box and whisker plot with the recorded means for the results of the reciprocal of 
the measured micro-porosity for ramp-up rate. 
 
 
 
Figure 34. Box and whisker plot with the recorded means for the results of the reciprocal of 
the measured micro-porosity for ramp-down rate. 
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Figure 35. Box and whisker plot with the recorded means for the results of the square root of 
the measured uniphase thicknesses for peak temperature 
 
  
Figure 36. Box and whisker plot with the recorded means for the results of the square root of 
the measured uniphase thicknesses for peak hold time 
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Figure 37. Box and whisker plot with the recorded means for the results of the square root of 
the measured uniphase thicknesses for soak time. 
 
 
  
Figure 38. Box and whisker plot with the recorded means for the results of the square root of 
the measured uniphase thicknesses for ramp-up rate. 
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Figure 39. Box and whisker plot with the recorded means for the results of the square root of 
the measured uniphase thicknesses for ramp-down rate. 
 
  
Figure 40. Box and whisker plot with the recorded means for the results of the square root of 
the measured macro-porosity for peak temperature. 
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Figure 41. Box and whisker plot with the recorded means for the results of the square root of 
the measured macro-porosity for peak hold time. 
 
 
  
Figure 42. Box and whisker plot with the recorded means for the results of the square root of 
the measured macro-porosity for soak time. 
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Figure 43. Box and whisker plot with the recorded means for the results of the square root of 
the measured macro-porosity for ramp-up rate. 
 
 
Figure 44. Box and whisker plot with the recorded means for the results of the square root of 
the measured macro-porosity for ramp-down rate. 
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Discussion 
Despite the P-values of Figure 7 showing no indication of significant factor effects 
for micro-porosity, Figures 30-34 seem to show a slight relationship between the joint micro-
porosity in this experiment with every factor except for peak hold time. The average micro-
porosity of the samples seems to be lower for the peak temperature of 250°C, lower with a 
soak, lower with the ramp-up rate of 1°C/s, and lower with the ramp-down rate of 1°C/s. 
These findings are listed in Table 3. These results are somewhat as expected. It was 
suspected that further diffusion would decrease the micro-porosity by allowing the uniphase 
diffusion halos to create more overlap. Higher temperatures and factors that increase the 
length of the reflow would be expected to encourage more diffusion, so a peak temperature 
of 250°C and a soak should both decrease micro-porosity with this theory. However, the 
heating and cooling rates of 1°C/s would both shorten the heating profile and the time for 
microstructure transformation, so it is unexpected that they would aid in decreasing micro-
porosity. 
In terms of the uniphase thickness, the P-values of Figure 8 for peak hold time, ramp-
down rate, soak time, and several of these factors’ interactions all indicated statistically 
significant effects. According to its P-value, peak hold time had the largest probability of an 
effect. The graph in Figure 36 can help show this effect, as it seems that the average uniphase 
thickness increases with peak hold time. In addition, the average uniphase thickness seems to 
be higher with the ramp-down rate of 0.5°C/s and slightly higher with the inclusion of a 
temperature soak. As mentioned, this response should increase with an increase in diffusion. 
Therefore, it is expected that all three of these factors would aid in the increase of uniphase 
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thickness. However, in industry a peak hold time of 30-90 seconds would be preferred, so by 
using a higher peak temperature and a soak, the hold time of 480 seconds might be avoided. 
Despite the P-values of Figure 9 showing no indication of significant factor effects 
for macro-porosity, Figures 40 and 42 seem to show a slight relationship between the joint 
macro-porosity in this experiment with the peak temperature and soak. The average macro-
porosity seems to be lower with a peak temperature of 237°C and lower with the inclusion of 
a soak. Macro-porosity should decrease with a decrease in outgassing, so both the lower peak 
temperature and the soak would be expected to help decrease macro-porosity. 
 
Table 3. Indication of the factors that best satisfy the appropriate minimization or 
maximization of the responses, along with the reflow profile tested that best matches the 
specific profile described.  
 
 
The fact that macro-porosity does not seem to follow any trends very accurately is 
expected for this experiment, since a review of the flux chemistry of the paste for the 
addition of smaller powders and a different alloy than previously used has yet to be made. 
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The only significant reduction that can be made to macro-porosity at this point is by 
evaluating the flux chemistry in terms of solvent vehicle, flux activity, and other relevant 
issues, in order to maximize oxidation removal and minimize out-gassing [6,7]. According to 
a study by Christopher Nash from Indium Corporation [6], adjusting the flux chemistry alone 
can decrease voiding by up to 30%, depending on the original amount of voiding [7]. In the 
meantime, the findings made here may give an idea as to what reflow profile could help 
minimize macro-porosity after the flux chemistry has been altered to fit the solder paste 
contents.   
Table 3 gives indication to the ideal reflow profile to optimize each of the responses, 
according the lowest mean values for the micro and macro-porosity responses from the 
graphs in Figures 30-34 and Figures 40-44 and the highest mean values for the uniphase 
thickness from the graphs in Figures 35-39.  Note that the means values of micro-porosity are 
for the reciprocal of micro-porosity, so the highest mean values of Figure 30-34 are actually 
the lowest mean values for micro-porosity. At the bottom of Table 3, the sample number of 
the experimental reflow profile from Table 2 that best matches the ideal reflow parameter 
determined in Table 3 is listed for reference to the resulting predicted microstructure. From 
the microstructures in Figures 13, 18, and 24, it can be confirmed that samples 0343, 0338, 
and 0349 look like promising microstructures for optimization of the responses tested in this 
experiment. The fact that some Cu-Ni residual is left over should not be of too much concern 
since the uniphase layers do seem to overlap. However, complete diffusion of the powder 
particles is desired to ensure no allotropic solid-state transformation of the intermetallic 
phase occurs during cooling. 
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In terms of testing the composite solder paste using the ideal reflow profiles, 
approximate shear strength was determined using an asymmetric four-point bend test [9], 
which is a compression test that uses the set-up shown in Figure 5. Since macro-porosity 
could be expected to lower the strength the most, the ideal reflow profile conditions to 
minimize macro-porosity were used to make the joints tested for shear strength. The 
maximum shear strength found for this solder paste at room temperature was found to be 
41.7 MPa, which is comparable to a typical lead-free solder [10]. At 200°C, the solder joint 
did not fare as well with the maximum shear strength found to be only 4.4 MPa. Typical 
values for Pb-5 wt.% Sn and SN100C are 18 and 23 MPa, respectively, at room temperature 
and 6 and 7 MPa, respectively, at 200°C [11]. 
 
 
Figure 45. SEM image of the fracture surface created by AFPB testing of the composite 
solder paste at room temperature, showing ductile fracture through the residual Cu-Ni 
powders and intergranular fracture through the intermetallic compound. 
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Figure 46. A portion of the fracture surface showing areas of Sn that experienced extreme 
softening during the 200°C AFPB test. 
 
 
From EDS and SEM observation of the fracture surfaces of the AFPB test showing 
brittle intergranular fracture (Figures 45 and 46), it is obvious that some of the intermetallic 
compounds underwent the detrimental phase transformation that complete diffusion of the 
Cu-Ni powders would help avoid. This is probably due to the fact that the reflow parameters 
used for this testing were chosen to minimize macro-porosity and not maximize uniphase 
thickness, so incomplete diffusion left areas of the microstructure subject to crystal structure 
transformation upon cooling after reflow. In Figure 45, voids can be seen between the 
unconnected areas of the diffusion halos extending out from the dark residual Cu-Ni powder 
particles. The phase transformation and voiding would result in a lower shear strength at 
room temperature. 
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There was an unexplained weakness in the samples tested for shear strength at 200°C. 
One reason for such low shear strength could be the pockets of residual Sn-alloy seen in 
Figure 46, that upon re-heating to 200°C, would approach their melting temperature and 
weaken the solder joint. Figure 46 shows a few ductile shear lips from Sn pockets that 
softened and broke. Completion of mechanical testing post flux chemistry optimization will 
be required so that the ideal reflow profile for maximum uniphase thickness can be tested. 
Conclusions 
In conclusion, a statistical design of experiments approach and an analysis of 
significant effects were completed to determine the ideal reflow profile of a Cu-Ni/Sn alloy 
composite solder paste according to three responses: the minimization of micro-porosity, the 
maximization of the uniphase layer, and the minimization of macro-porosity. The factors 
tested were peak reflow temperature, peak hold time, soak time, ramp-up rate, and ramp-
down rate. To minimize micro-porosity, the reflow profile should have a peak temperature of 
250°C, a peak hold time of 60 seconds, a 60 second soak at 170°C during the initial ramp, a 
ramp-up rate of 1°C/s, and a ramp-down rate of 1°C/s. To maximize uniphase thickness, the 
reflow profile should have a peak temperature of 250°C, a peak hold time of 480 seconds, a 
60 second soak at 170°C during the initial ramp, a ramp-up rate of 1°C/s, and a ramp-down 
rate of 0.5°C/s. To minimize macro-porosity, the reflow profile should have a peak 
temperature of 237°C, a peak hold time of 60 seconds, a 60 second soak at 170°C during the 
initial ramp, a ramp-up rate of 0.5°C/s, and a ramp-down rate of 1°C/s.  
Shear strength testing showed normal shear strengths for the composite paste at room 
temperature, but failed pre-maturely at 200°C. This was probably due to a need to modify the 
flux chemistry for the paste, in order to test the shear strength of a joint with maximized 
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uniphase layer thickness for complete diffusion of the Cu-Ni powders. Completion of 
mechanical testing post flux chemistry optimization will be required. 
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CHAPTER 10.    CONCLUSIONS AND FUTURE WORK 
The work outlined in this dissertation has generally consisted of research to design 
and prototype a composite solder paste that is capable of use at high temperatures (>150°C) 
while maintaining the acceptable electrical, thermal, and mechanical properties of a typical 
soldering material (particularly Pb-5wt.%Sn), even over long-term aging and thermal 
cycling. The research experiments completed herein have thoroughly investigated the 
requirements needed to transform the concept of using liquid-phase diffusion-bonding 
(LPDB) on a Cu-Ni/Sn alloy composite solder paste for use as die attach into a real and 
tangible product for use in industry. The requirements to do this included the following 
determinations: 
1. the ideal ratio of Cu to Ni within the Cu-Ni alloy itself 
2. the ideal ratio of Cu-Ni powder to SN100C powder in the composite paste 
3. the ideal powder size for maximum diffusion, and 
4. the ideal reflow profile for the resulting paste containing the details determined 
above. 
All of these items were critical to determining the best design for a successful solder paste. 
The completion of this dissertation has determined the ideal ratio of Cu to Ni within 
the Cu-Ni alloy itself to be a ratio of 94.5 at.% (94.9 wt.%) Cu : 5.5 at.% (5.1 wt.%) Ni, with 
the objective to maximize the grain refinement effect of the Ni. The ideal ratio of Cu-
Ni:SN100C powder in the composite paste was determined to be 34 vol.% (38.7 wt.%) Cu-
5.1Ni : 66 vol. % (61.3 wt.%) SN100C, in order to fully consume the solder joint gap with 
the preferred IMC or, at least, to isolate any untransformed regions of the joint 
microstructure. The ideal sizes of the powders used in the paste were determined to be Type 
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6 (5-15 µm diameter) for SN100C and Type 7 (2-11 µm diameter) for Cu-5.1Ni, since these 
powder sizes are commercially available and have been found to promote extremely 
widespread IMC transformation. And finally, the ideal reflow profile for the resulting paste, 
as formulated above, was determined on the basis of promoting sufficient diffusion of the 
Cu-5.1Ni powders to permit extensive uniphase halo impingement.  This reflow profile 
should include a peak temperature of (no more than) 250°C and a peak hold time of 60 
seconds (both within acceptable assembly practice), along with a 60 second soak at 170°C (or 
less) during the initial ramp-up and approximate ramp-up/ramp-down rates of 1°C/s or less. It 
should be noted that these specified reflow profile parameters were optimized for promoting 
a minimum of joint porosity with the existing flux/solvent formulation, both of which are still 
not optimized.   
With preliminary mechanical testing of the paste described above, a shear strength of 
41.7 MPa was determined for the joint at room temperature, similar to typical values of other 
Pb-free solders and about twice that of Pb-5Sn high temperature solders.  However, a lower 
shear strength of 4.4 MPa was determined for the joint sample that was tested at 200°C. 
Although comparable to the strength of Pb-5Sn solders at 200˚C, the measured composite 
solder joint strength is likely reduced by excess joint porosity. These high temperature 
strength values are expected to improve (and the optimized reflow parameters should change) 
with completion of a flux chemistry analysis and optimization for this specific paste.  
After completion of the flux chemistry optimization for this paste design, there are 
several recommendations for future work in order to prove the effectiveness of this 
composite paste for use in industry: 
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1. Shear testing of joint strength at a variety of temperatures up 300°C 
2. Determination of electrical and thermal conductivity 
3. Investigation into thermal ageing effects on solder joint integrity 
4. Investigation into thermal cycling effects on the solder joint integrity, and 
5. Determination of the drop impact resistance of the solder joint. 
If the results of the tests listed above are favorable for industrial applications, the success of 
this research to design a Pb-free composite solder paste for use at high-temperatures will be 
secured and the practical effectiveness of the research that formed the basis for this 
dissertation will be assured. 
 
 
 
